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Condensation of vapor typically occurs via the formation of condensate films on 
condensing surfaces; however, the liquid film imposes a substantial thermal resistance to 
heat transfer. Filmwise condensation heat transfer can be enhanced by 5-7X by condensing 
vapor as droplets, which roll-off the surface, thereby preventing buildup of a liquid film. 
Dropwise condensation heat transfer can be enhanced by the use of electrowetting (EW) to 
enhance coalescence, growth and shedding of condensed droplets. This dissertation 
includes several fundamental studies on EW-enhanced dropwise condensation. 
Experiments, analytical modeling and statistical modeling are used to gain a deeper 
understanding of droplet growth, coalescence and shedding under EW. 
Chapter 1 details the motivation for this study and the objectives of this dissertation. 
Chapter 2 includes a literature review of condensation, electrowetting and data science- 
based statistical methods. Chapter 3 presents a detailed experimental study of dropwise 
condensation of humid air under the influence of electrowetting fields. An analytical heat 
transfer model, which accounts for the presence of non-condensable gases, is used to 
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predict the heat transfer benefits associated with electrowetting-assisted condensation. 
Chapter 4 presents a detailed analysis of electrowetting-induced coalescence dynamics of 
a distribution of water droplets. Statistical modeling-based algorithms are used to identify 
key electrowetting-related parameters that influence droplet coalescence; the influence of 
these parameters on coalescence is quantified. Chapter 5 studies droplet shedding dynamics 
under electrowetting and shows that an intermittent electric field can significantly increase 
condensation rates (as compared to a continuous electric field). A key finding is the almost 
complete removal of water from surfaces in very short durations (< 1 sec) is observed. It is 
also found that the extent and rate of water removal depends on the applied voltage and 
frequency of the AC EW waveform, respectively. Chapter 6 presents a novel approach and 
an experimentally validated model to analyze the oscillations of water droplets under the 
influence of AC electrowetting. Chapter 7 summarizes key conclusions and outlines 
suggestions for future work. 
Overall, the research reported in this dissertation has led to fundamental 
contributions in the areas of condensation and microfluidics. This multidisciplinary work 
has involved experiments, analytical modeling and statistical modeling. Results show that 
electrowetting fields influence all the phenomena important in dropwise condensation 
(growth, coalescence, shedding of droplets). Electrowetting is therefore a powerful tool to 
control and enhance condensation heat transfer. This research impacts applications in 
energy (steam condensation, refrigeration), water (atmospheric water harvesting, 
desalination) and infrastructure (self-cleaning). 
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Chapter 1: Introduction 
Condensation significantly impacts the performance of several engineering systems 
in the areas of power generation, refrigeration, HVAC (heating, ventilation, and air 
conditioning) and desalination. On common metallic surfaces, the most common mode of 
condensation is filmwise condensation (Figure 1.1a), wherein vapor condenses as a thin 
liquid film on the condensing surface [1]. The presence of this liquid film between the 
vapor and the condensing surface degrades heat transfer substantially.  
 
Figure 1.1 Comparison of a) filmwise and b) dropwise condensation. Figure 1.1 reprinted 
with permission from Miljkovic et al. Copyright 2013 Cambridge University 
Press.  
A widely studied method to enhance condensation heat transfer is by using non-
wetting surfaces to induce dropwise condensation (Figure 1.1b) [2]. Heat transfer 
coefficients can be enhanced by an order of magnitude by condensing vapor as droplets, 
which roll-off, thereby exposing the surface to fresh vapor [2]. This fundamental difference 




superhydrophobic (non-wetting) coatings for condensation heat transfer enhancement. 
Several types of surfaces have been studied for enhancing condensation including 
hydrophobic surfaces, superhydrophobic surfaces, and hybrid surfaces. A wide range of 
surface textures have been studied; parameters which have been varied include the length 
scale of surface features, shape and the hierarchy of roughness causing features [3]–[5]. 
Nature-inspired surfaces [6], [7] and lubricant infused surfaces have been widely studied 
as an avenue to increase droplet mobility and shedding [8], [9]. Another condensation 
enhancement technique, which has been widely explored, relies on jumping condensate 
droplets on super hydrophobic surfaces [10], [11]. This enhancement strategy is based on 
the observation that when two droplets coalesce, they will have leftover energy remaining 
after coalescence; this energy can be used to cause droplets to jump away from the surface.  
More recently, a few studies have looked at the influence of electric fields on 
enhancement in dropwise condensation (DWC) of moisture. These studies show that an 
externally applied electric field can alter the droplet size distribution, droplet growth rate 
and coalescence and roll-off dynamics [12]–[16].  
This dissertation studies the influence of electrowetting (EW) on dropwise 
condensation enhancement. Enhancement is a result of increased coalescence and growth 
of condensate droplets, and EW-promoted roll-off and shedding of droplets. EW is a well-
understood microfluidic technology used to control the wettability and motion of droplets 
via the application of an electrical potential difference across a dielectric layer underlying 
the droplet [17], [18]. Of late, EW has attracted the attention of the microfluidics 
community as a tool to enhance condensation. The following chapters detail fundamental 
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analysis of droplet growth, coalescence and roll-off during DWC under continuous and 
intermittent electric fields.  
1.1 MOTIVATION OF THE PRESENT WORK 
Condensation heat transfer can be enhanced by 5-7X by switching from dropwise 
condensation to filmwise condensation [1]. Many studies have sought to optimize the 
surface texture and chemistry which maximize dropwise condensation [3]–[5]. These 
modifications can reduce contact angle hysteresis, reduce droplet roll-off sizes and remove 
larger droplets from the surface, all of which lead to higher condensation rates and 
enhanced condensation heat transfer (CHT). However, surface engineering-based 
approaches have limitations associated with low durability, performance degradation and 
fouling associated with surface textures [19].  
Recent studies show that active methods of enhancing CHT have greater benefits 
than passive methods. Utilizing electrowetting for controlling DWC can enhance 
condensation heat transfer by 30-50% [12], [15]. Additionally, application of an electric 
field can increase the condensation rate by several orders of magnitude if the field is applied 
intermittently (see Chapter 5). Studies show that an electric field has the ability to remove 
a majority of droplets resting on a surface (Chapter 5). EW can also be used to control and 
alter the droplet size distribution on the surface (Chapter 3) [14]. A key advantage of EW 
is that it can provide dynamic, real-time control of condensation heat transfer. 
Some specific applications of this work are discussed ahead briefly. Similar to 
classical condensation applications, EW controlled DWC can enhance phase change heat 
transfer in power generation, refrigeration, HVAC systems, desalination, water recovery 
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from cooling tower exhaust etc. A significant area which would benefit from this 
technology is water harvesting. Atmospheric water harvesting systems condense and 
collect moisture from humid air for various applications ranging from municipal 
consumption to use in the oil and gas industry [20]–[22]. The high condensate removal 
rates that can be achieved by applying intermittent electric fields can substantially enhance 
water harvesting rates[16].  
In addition to heat transfer applications, the ability of an electric field to clear the 
surface of >90% of liquid makes this an attractive method for self-cleaning, dust removal 
or anti-fouling applications [23], [24]. As droplets are removed from the surface, they can 
carry away dust, debris or bacteria which can be exploited for self-cleaning applications in 
solar cells, biotechnology or commercial applications such as cleaning high rise windows, 
glass or car windshields. The performance of passive self-cleaning surfaces is limited by 
characteristics such as surface hydrophobicity and contact angle hysteresis, which 
determine the conditions under which droplets can overcome pinning forces and roll-off 
[25]. Via EW, the user can control droplet roll-off dynamics and frequency by applying the 
appropriate electric field based on surface cleaning requirements. EW will perturb the 
three-phase contact line, de-pin droplets from the surface and cause droplet coalescence to 
form large enough droplets that roll-off the surface. These droplets carry away dust and 
debris as they roll off, leaving behind a clean surface.  
A specific advantage of using EW as an active method for such applications is the 
low power requirement (<1 mW per microfluidic operation). The dielectric layer which 
isolates the droplet from the electrodes prevents current flow, which reduces power 
consumption despite the high voltage requirements [17]. It must be noted that 
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electrification of DWC does present formidable challenges. Finding a dielectric material 
which can withstand long term exposure to electric fields and moisture is challenging. This 
has been a longstanding challenge for the EW community. Throughout this dissertation a 
variety of dielectric materials were utilized in various configurations; related findings on 
the reliability of dielectric materials and device durability are detailed in section 7.2. 
1.2 OBJECTIVES OF THE PRESENT WORK 
The work presented in this dissertation is a fundamental study on the influence of 
electrowetting on DWC. This dissertation addresses the following fundamental questions 
related to various factors that influence DWC under EW:   
• What is the influence of an EW field on various phenomena underlying DWC 
(initial growth, coalescence, roll-off)? 
• How significant is the electrical waveform in influencing EW-assisted DWC? How 
is DWC different for AC fields as compared to DC fields?  
• What is the influence of the AC frequency on DWC? 
• How does electrode geometry influence coalescence, growth and roll-off? 
• How much enhancement in condensation heat transfer can EW provide? 
• What is the influence of an EW field on macroscopic parameters: condensation rate, 
condensation heat transfer coefficient, droplet roll-off size and frequency? 
• Can condensation be further enhanced by using an intermittent electric field to 
sweep away condensate (as compared to a continuous electric fields)? 
• What are good dielectric materials for EW-assisted condensation applications? 
Attributes of a good material include high electrical breakdown strength, high 
dielectric constant, pinhole-free nature, good adhesion and moisture resistance.  
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1.3 ORGANIZATION OF THE DISSERTATION 
The remainder of the dissertation is divided into six chapters. A detailed literature 
review of condensation, electrowetting and data science-based statistical analysis is 
included in Chapter 2. Chapter 3 describes a detailed study on EW-based enhancement of 
droplet growth and roll-off dynamics, as well as heat transfer enhancement during humid 
air condensation. Chapter 4 analyzes droplet coalescence dynamics using statistical data 
science-based algorithms to quantify the influence of voltage, AC frequency and electrode 
geometry on coalescence. Chapter 5 studies the influence of electric field, AC frequency 
and device geometry on droplet removal from surfaces. Chapter 6 details a new 
fundamentals-based analytical model to study contact angle oscillations-induced by 
electrowetting. Conclusions and suggestions for future work are outlined in Chapter 7. 
Appendices A-E include abstracts of journal and conference publications that were 




Chapter 2: Literature Review  
2.1 OVERVIEW OF CONDENSATION  
Condensation is a key determinant of overall performance of systems involved in 
power generation, refrigeration and air-conditioning, water harvesting and desalination. 
Enhancing the heat and mass transfer associated with condensation can significantly 
improve system-level performance and efficiency.  
2.1.1 Filmwise condensation heat transfer  
In most current applications, water films condense as a thin film due to the 
hydrophilic nature of metallic condenser surfaces (Figure 2.1a). Filmwise condensation is 
a classical topic in phase change heat transfer and is well understood. The first studies on 
filmwise condensation were detailed by Nusselt [1], which studied condensation under the 
following assumptions: 
• Condensation of pure, quiescent, saturated vapor at saturation temperature, with a 
laminar liquid film and with constant properties. 
• Only the heat transfer due to condensation at the liquid-vapor interface was 
considered. Heat conduction in the vapor layer was neglected. 
• Shear stress on the liquid-vapor interface was assumed to be negligible. 
• Momentum and energy transfer by advection in the condensate film was assumed 
to be negligible as low velocity flow was considered. Heat transfer through the film 
is dominated by conduction. 
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Based on the above assumptions, the x-momentum equation during filmwise 






(𝜌𝑙 − 𝜌𝑣) (2.1) 
where 𝑢 is the velocity of the film, 𝜇𝑙 is the dynamic viscosity of the liquid film, 𝜌𝑙 is the 
density of the liquid phase, and 𝜌𝑣 is the density of the vapor phase. The above expression 
balances viscous forces with buoyancy. Using the boundary conditions based on the 






where 𝛿 is the thickness of the liquid film. This analysis yields the film thickness 𝛿, the 
average Nusselt number and average condensation heat transfer coefficient. Similar 
analysis has been conducted for filmwise condensation on plates and tubes and has been 
modified and improved for various applications.  
Importantly, the liquid film between the vapor and condensing surface presents a 
significant resistance to heat transfer. Condensation heat transfer can be significantly 
enhanced by bringing vapor in direct contact with the surface, thereby eliminating the 
temperature gradient associated with the liquid film. This enhancement is possible by 
condensing vapor as droplets, which then roll-off exposing the surface to fresh vapor. The 
transition from condensing vapor from a film to droplets is dependent on surface wettability 
as well as vapor-to-surface temperature difference [27]. The characteristics of moisture 
condensing as droplets is discussed next. 
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2.1.2 Dropwise condensation and enhancements  
Dropwise condensation (DWC) was first studied by Schmit et al. [2] in 1930; a 
much better understanding emerged in the 1960s. On a non-wetting or hydrophobic 
surface, vapor will condense as droplets (Figure 2.1 b) instead of a film, which then roll-
off before merging to form a film. DWC heat transfer can be 5-7 times higher than filmwise 
condensation [2]. However, there exist many challenges to sustaining dropwise 
condensation, since many hydrophobic coatings are not durable, and show rapid 
performance deterioration. Recent research has focused on the development of coatings to 
ensure long lasting DWC with high condensation heat transfer coefficients.  
   
Figure 2.1 a) Filmwise condensation where a film develops on hydrophilic surface and b) 
Dropwise condensation where condensate forms droplets on a hydrophobic 
surface. Figure 2.1 a) reprinted with permission from Rose et al. Copyright 
1998 Elsevier. 
During DWC, nucleation takes place in sites such as cracks, pits and cavities. 




vapor interface[28]–[30]. As droplets grow large enough to contact neighboring droplets, 
the coalescence stage begins. As droplets merge and move, new droplets nucleate and grow 
in the area exposed by coalescence [29]. Throughout this process, the mean value of the 
droplet size distribution increases over time, and the distribution of droplet sizes widens. 
As droplets grow in size, surface coverage increases and as droplets coalesce and merge 
surface coverage decreases [28]. Finally, droplets merge and grow large enough that 
gravity causes them to roll-off the surface, exposing fresh area for nucleation, and the cycle 




is surface tension, 𝜌 is density and 𝑔 is gravity) which measures the relative importance of 
surface tension and gravitational forces. During roll-off, the departing droplet will capture 
additional fluid along its departure path, and thereby expose fresh areas for nucleation.  
Once gravity shedding begins, the system reaches a pseudo steady-state where the 
droplet size distribution and average droplet size remain constant [31]. These droplet size 
distributions can be used to estimate the condensation heat transfer. Classical models have 
been developed to estimate the thermal resistance associated with conduction through the 
droplet [32], interface resistance at the vapor-liquid interface [5], [33] and the resistance 
due to droplet curvature for a single droplet [5], [34]. Knowledge of droplet-related 
resistances and the droplet size distribution can be used to estimate the overall condensation 
heat transfer [34].  
In addition to roll-off dynamics, the entire process of DWC is also significantly 
influence by droplet coalescence dynamics, analyzed in Chapter 4. Coalescence of droplets 
is a complex microfluidic phenomenon governed by various interactions occurring at the 
three-phase contact line and various interfaces. When droplets coalesce, initially a liquid 
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bridge forms between the droplets, followed by the final droplet forming at the center of 
mass of the original droplets [28], [35]. Studies show that during this process, contact line 
pinning and viscous dissipation influence the receding contact angle dynamics more 
strongly than advancing contact line dynamics [36]. Also, the two merging droplets leave 
behind fresh dry area for nucleation to occur. Many studies exist on enhancing droplet 
coalescence by modifying the chemistry or texture of the condensing surface [5], [37]–[39] 
to create areas for fresh nucleation. Alternatively, there are studies on shifting the droplet 
size distribution to smaller droplets, which would increase heat and mass transfer. 
Many recent efforts have studied passive methods of inducing DWC, which 
includes manipulation of surface chemistry and texture. Hydrophilic surfaces, such as 
copper, have a higher surface energy which causes water to spread. Conversely, on low 
energy hydrophobic surfaces, the condensate forms droplets, significantly reducing surface 
coverage and increasing heat transfer [40]. An alternate route to disallow film formation is 
via surface texturing. Keeping the condensed droplets in the Cassie state (droplet resting 
on top of roughness causing elements) will promote droplet shedding. This is the basis for 
a lot of recent studies on superhydrophobicity-enhanced condensation [5], [41].   
While superhydrophobicity has clear advantages in promoting roll-off , the energy 
barrier for initiation of nucleation is higher on hydrophobic and superhydrophobic surfaces, 
than on a hydrophilic surface [6], [27]. Consequently, researchers have studied hybrid 
hydrophobic-hydrophilic surfaces where hydrophilic patches are introduced into a 
hydrophobic surface to locally lower the nucleation barrier [4], [42]. Mondal et al. [3] 
created a hybrid surface by impaling a superhydrophobic film into an array of steel 
hydrophilic needles. Nucleation initiated on the tips of the needles, but the hydrophobic 
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nature of the surrounding surface allowed for easier droplet roll-off. The same group 
showed water collection enhancement of 63% on a polyethylene hydrophobic surface 
compared to a hydrophilic copper surface [3].  
Many such hybrid surface designs are nature inspired [43]–[45]. As an illustration, 
the Namib dessert beetle uses hydrophilic bumps on its hydrophobic back to condense and 
collect water droplets. On a similar note, Hou et al. [6] developed hydrophilic patches on 
top of micropillars which were surrounded by superhydrophobic nano-grass, shown in 
Figure 2.2a;  63% enhancement in heat transfer coefficient was observed. Similarly, Ghosh 
et al. [7] drew from the design of veins on a banana leaf to fabricate a hydrophilic-
hydrophobic pattern which combines dropwise and filmwise condensation; a 19% 
enhancement in condensate collection was demonstrated. A more recent study by Cha et 
al. [46] demonstrated that stable DWC can be achieved on flat hydrophilic surfaces having 
very low contact angle hysteresis. The droplet size distributions on these surfaces matched 
the classical distribution for DWC, and the low contact angle hysteresis allowed easy 





Figure 2.2. Surface enhancements to promote dropwise condensation: a) nature-inspired 
hybrid hydrophilic-hydrophobic surfaces, b) lubricant-infused surfaces, c) 
jumping droplets from superhydrophobic surfaces. Figure 2.2 a) reprinted 
with permission from Hou et al. Copyright 2014 American Chemical Society. 
Figure 2.2 b) reprinted with permission from Weisensee et al. Copyright 2017 
Elsevier. Figure 2.2 c) reprinted with permission from Miljkovic et al. 
Copyright 2013 Springer Nature.  
An alternate approach to enhancing condensation on hydrophobic surfaces is to 
infuse lubricating liquids into micro or nano scale structures patterned on condensing 
surfaces; these have been referred to as SLIP surfaces (Slippery Liquid-Infused Porous 
Surfaces) or LIS (lubricant-infused surfaces) [8], [9], [47]. The advantage of these surfaces 
is the reduction in droplet shedding radius and higher droplet mobility, since droplets float 






oil on the surface can cloak or encapsulate droplets, so appropriate selection of the 
lubricating liquid is critical. Weisensee et al. [8] used a textured aluminum surface infused 
with Krytox-based lubricant oils and mineral oil to show that the droplet size distribution 
seen in classical DWC was independent of texture feature sizes, seen in Figure 2.2b. LIS-
based condensation was 10-15X times higher as compared to filmwise condensation.  
Recently, there have been multiple studies on dropwise condensation enhancement 
via ‘jumping droplets’ on superhydrophobic surfaces, illustrated in Figure 2.2c [10], [11]. 
Droplets jump out of plane on superhydophobic surfaces when they coalesce, due to the 
leftover energy remaining after coalescence. Out-of-plane jumping has been reported from 
coalescence of droplets in the diameter range 50-100 μm. For smaller diameters, jumping 
speeds rapidly decrease [5], [10]. Enright et al. found that droplets of diameter ~10 μm can 
jump to speeds of 1.4 m/s normal to the condensing surface [39]. They also estimated that 
only 6% of the surface energy is converted to kinetic energy of the jumping droplet, 
showing that this is a low efficiency conversion process. Overall, several factors such as 
surface topography, wettability, condensate fluid and surrounding gas density influence 
droplet jumping [10]. Miljkovic et al. [11] showed that jumping droplets on nanostructured 
CuO surfaces enhanced heat flux and condensation heat transfer coefficients by 25% and 
30%, respectively, compared to classical DWC on Cu surfaces.  
It is important to note that most condensation studies have been conducted under 
saturated vapor conditions where non-condensable components are not present. Many 
studies [48]–[51] clearly show that non-condensable gases (NCGs) degrade heat transfer 
during filmwise condensation and DWC. In humid air, a layer of NCGs accumulates 
around the condensate film forming a NCG diffusion layer, which results in a temperature 
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gradient between the ambient humid air and condensate-air interface [48]–[52]. A complex 
model for condensation of pure steam in the presence of NCGs was developed by Nusselt 
[48] that included a diffusion layer for vapor. Similarly, Zhao et al. [49] showed that the 
largest thermal resistance in DWC heat transfer is due to the presence of the NCG region 
around droplets. Castillo et al. [29] showed that droplet growth rate strongly depends on 
the relative humidity. However, the action of droplets rolling off in DWC can lead to 
mixing of the diffusion boundary layer, which can enhance mass diffusion [52]. Although 
many studies have examined the complications and phenomena associated with NCGs, 
there is limited analysis on heat transfer in the presence of an NCG boundary layer during 
DWC.  
2.1.3 Applications of dropwise condensation-Atmospheric water harvesting 
As a phase change process, condensation is the basis for many applications 
including power generation, desalination and heat exchangers [53], [54]. Additionally, 
atmospheric water harvesting (AWH) technologies can take advantage of condensation 
enhancements for increased condensation rates and heat transfer [20]. AWH refers to the 
condensation of water from humid air. The atmosphere is one of the largest freshwater 
reservoirs on the planet; 1 square kilometer of land holds between 10,000-30,000 m3 of 
moisture above it [55]. Tapping into this source of water through AWH can relieve the 
pressure on conventional water sources for growing population levels.  
Passive methods of AWH have been widely explored though fog or dew harvesting. 
Fog fences [56] are a passive method to collect water in high humidity areas by using mesh 
structures to trap fog droplets, shown in Figure 2.3 a [57]. Recent studies have looked into 
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optimizing the fiber mesh pattern and chemistry to maximize fog collection [58]. However, 
fog harvesting techniques work under very limited conditions and require large collection 
areas. Despite these limitations, small-scale fog harvesting projects have been implemented 
in many parts of the world, especially in South and Central America, Africa, Europe and 
Asia [57].  
 
 
Figure 2.3. a) Natural and artificial fog harvesting systems b) Waste natural gas based-
atmospheric water harvesting system. Figure 2.3 a) reprinted with permission 
from Park et al. Copyright 2013 American Chemical Society. Figure 2.3 b) 
reprinted with permission from Wikramanayake et al. Copyright 2017 
Elsevier. 
Alternatively, water collection rates can be significantly increased by using active 
water harvesting techniques, which cool air below the dew point to promote condensation. 




refrigeration systems or radiative cooling. Alternatively, moisture absorption can be used 
via a desiccant system, and via the use of other moisture absorbing or adsorbing materials 
[21], [22], [59]–[61]. Despite the enormous quantity of moisture in air, industrial scale 
AWH implementation has been stifled due to the energy intensive (2260 kiloJoules/liter of 
water) nature of condensation. Commercial development of AWH systems is limited to 
electricity powered units that produce hundreds of gallons of water daily, but with high 
electricity costs [22]. The economic viability of AWH projects would be significantly 
enhanced if the energy requirements could be met inexpensively.  
Excess natural gas, which is currently either vented or flared can alternately power 
AWH systems and enable large scale deployment of this technology. Studies show that 
using natural gas that would be flared from hydraulically fractured oil fields, or methane 
that would be vented from decomposition of solid waste in landfills can be used to power 
onsite AWH systems [21], [22]. The natural gas that would be flared or the methane that 
would be vented can be used to power a gas engine which would drive the compressor of 
a vapor compression cycle, which generates cooling capacity for condensation (Figure 
2.3b). This process can generate high-quality freshwater for local oil and gas production, 
noting that many of these operations take place in highly water stressed areas. The 
advantages of implementing such a technology include reduced stress on ground water and 
reduced water trucking distances. Overall, enhancing dropwise condensation and 
condensation rates using electric fields, as described in Chapters 4 and 5, would greatly 
benefit AWH technologies by bringing down the cost of AWH.  
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2.2 OVERVIEW OF ELECTROWETTING  
Over the past two decades, electrowetting (EW) has emerged as a powerful tool to 
control droplet-based microfluidic operations such as droplet motion, generation and 
merging [17], [18], [62]–[64]. EW is based on the electrical modulation of the solid-liquid 
interfacial tension to control wettability. By applying a potential difference between an 
electrically conductive droplet resting on a dielectric layer and an underlying ground 
electrode, the droplet can be made to wet the surface. The reduction in solid-liquid surface 
energy can be attributed to charge accumulation at the interface caused by the electric field, 
where the presence of like charges at the interface causes the liquid to spread out. Figure 
2.4 illustrates the reduction in contact angle upon application of an external voltage, which 
can be modeled using the Young-Lippmann equation [17] as:  




where 𝑒𝑞 is the equilibrium contact angle (no voltage), 𝛾𝑙𝑣 is the liquid-vapor interfacial 
tension, 𝑉 is the applied voltage and 𝐶 is the capacitance of the dielectric layer (under the 
droplet). It is noted that the electric double layer is thinner than the dielectric layer, hence 
the overall capacitance is determined by the capacitance of the dielectric layer [17], [18]. 
Importantly, the dielectric layer prevents flow of current, and is critical to the performance 
of EW devices. Most EW devices also have a thin layer of a hydrophobic coating such as 




Figure 2.4 Schematic illustration of electrowetting (contact angle reduction due to an 
electrical potential difference across a dielectric layer underlying a droplet).  
EW-induced droplet spreading requires exceeding a threshold voltage (𝑉𝑡ℎ), at 
which the electrostatic force exceeds the pinning force at the three-phase line. Above the 
threshold voltage, the contact angle change is reasonably well captured by the Lippmann’s 
equation. However, the contact angle does not keep on decreasing with voltage. Beyond 
the saturation voltage, 𝑉𝑠, the contact angle saturates (no further change with voltage). One 
theory underlying contact angle saturation is the divergence of the electric field near the 
contact line as the curvature reduces [17], [18]. Also, instabilities at the contact line, 
especially when AC voltages are applied, cause ‘satellite droplets’ to be ejected from the 
contact line as the voltage is increased beyond 𝑉𝑠 [17], [18]. It is noted that contact angle 
saturation and satellite droplet emission remain unresolved topics in the field.  
Most of the studies presented in this dissertation involve the application of an AC 
electric field, and it is important to understand the influence of AC frequency on EW. The 
frequency of the applied electrical waveform significantly influences electrowettability. 
For DC and low frequency AC voltages, the electrically conducting droplet can be 
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considered equipotential; there is no electric field inside the droplet and the entire potential 
difference falls across the dielectric layer (typically 1-2 µm thick) [17]. At higher 
frequencies, the electric field penetrates inside the droplet. The distribution of the electrical 
potential is thus fundamentally different for AC fields as compared to DC fields.  
It is noted that an AC field has distinct advantages over DC fields for EW 
applications. AC voltages reduce contact angle hysteresis; under an AC field the contact 
line is continuously perturbed by the oscillating voltage, de-pinning the contact line from 
the surface[18]. Alternatively, a DC field pins the droplets to the surface, thereby 
increasing contact angle hysteresis. Consequently, threshold voltages are lower and contact 
angle saturation can be delayed under AC voltages as compared to DC voltages [17], [18].  
It is noted that the Young-Lippmann equation is strictly valid only for DC voltages 
and low frequency AC voltages, wherein the liquid can be treated as a perfect electrical 
conductor. At higher frequencies, the analysis becomes more complex, and the resistance 
and capacitance of the droplets and the dielectric layer [17] needs to be accounted for. In 
general, the role of AC frequency can be explained by examining the expression for the 
complex permittivity of a material [17]: 
∗ = 0 − 𝑗
𝜎
𝜔
  (2.4) 
where  is dielectric constant, 𝜎 is electrical conductivity and 𝜔 is AC frequency. The first 
term represents the capacitance of the material, and the second term represents the 
electrical resistance. As the frequency increases the second term reduces in significance, 
implying that any material (liquid, in this instance) will behave more like a dielectric 
material than an electrical conductor. Effectively, the electric field lines penetrate the 
liquid, which can no longer be assumed equipotential. The reduced magnitude of the 
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electric field correspondingly reduces electrowettability above the relaxation frequency 
(𝜎/ ) of the liquid [65]. 
AC and DC voltages also result in very different sessile droplet dynamics and 
Chapter 6 presents a detailed analysis of droplet oscillations under AC frequencies. Under 
AC fields, droplets oscillate in response to the sinusoidal waveform, which is determined 
by the interplay of inertia and interfacial energies [66]. The frequency of the oscillating 
force is twice the input electrical force [65]–[67]; therefore the droplet oscillates at twice 
the AC frequency. At low AC frequencies, oscillations induce hydrodynamic flow within 
a droplet resulting in mixing and oscillatory motion [65]. However, droplet oscillations 
decrease at higher frequencies [68], [69]. At very high frequencies fluid flow and mixing 
is induced by electrothermally driven flows due to gradients in temperature arising from 
Joule heating within the droplet, which results in gradients in conductivity and permittivity 
[70].  
Since AC fields are extensively used in this dissertation, and AC fields are 
invariably accompanied by droplet oscillations, a brief review of droplet oscillations under 
AC EW is provided. There exist many studies [65], [71]–[73] which have analyzed the 
influence of AC electric fields on droplet oscillations. In most such studies, transient 
droplet oscillations were quantified by measuring the transient contact angle (CA) or 
contact radius [66], [74]. Additionally, many of these studies used the traditional EW 
configuration, which consists of a wire electrode (or plate) in contact the droplet resting on 
a dielectric surface. The electric field is established using an electrode under the dielectric 
and the top wire or plate (which is usually electrically grounded). This traditional EW 
configuration (Figure 2.5 a) is widely used for studies on various microfluidic operations 
22 
 
such as pumping, merging and splitting [63], [64], [75]. One significant disadvantage of 
this configuration is that the wire/plate will influence the hydrodynamic response of the 
liquid to an electric field, and also distort the droplet shape.  
 
Figure 2.5 a) Traditional parallel plate EW configuration, b) co-planar electrode 
configuration, c) interdigitated electrode design for co-planar electrode 
configuration  
Electrowetting experiments with droplets not having a physical electrode 
protruding into them are possible if the active and the ground electrodes are both located 
on the bottom plate; this configuration is known as the coplanar electrode arrangement 





there do exist studies which utilize the coplanar electrode arrangement. Key previous 
studies using this arrangement are briefly summarized ahead.  
Malk et al. [65] used coplanar electrode geometry to observe rotating flow within 
an oscillating droplet. Increasing the frequency reduced the amplitude of droplet 
oscillations and reduced the change in CA during oscillations. However, there was no 
reported relation or model to predict the amplitude of CA change as a function of the 
applied voltage and frequency. Another study [66] using the coplanar electrode geometry 
involved a ground electrode placed between two high voltage electrodes. Droplet dynamics 
under the influence of AC EW was quantified by measuring the transient CA and contact 
radius under various frequencies and voltages. Hong et al. [69] used the coplanar electrode 
geometry in experiments to measure droplet oscillations and contact line dynamics. At low 
frequencies periodic oscillations in the droplet shape were observed; at high frequencies 
no shape change was recorded. Yamada [67] took a different approach and used a 
tangential electric field to oscillate droplets to understand the influence of resonance 
frequency on the change in droplet shape. It was seen that resonance vibration of the droplet 
occurred when the frequency of the AC field was half the natural frequency of the droplet. 
Furthermore, the resonance frequency was seen to depend on droplet volume, the surface 
energy and the electrostatic force profile [67].  
In addition to the above four studies, other studies on droplet oscillations under AC 
EW have used the traditional EW configuration. Oh et al. [71] studied the influence of AC 
frequency on oscillation behavior (changes in shape modes and resonance frequencies), 
and derived a shape mode equation for droplet oscillations under AC EW.  Dash et al. [74] 
measured the transient response of droplets under DC and AC fields and reported that the 
24 
 
time taken by a droplet to attain a steady shape is approximately 35 ms (although there is 
a dependence on the applied voltage). By measuring and comparing the CA under AC and 
DC electric fields, Li et al. [77] showed the benefits of AC EW in overcoming pinning 
forces at the contact line. 
In the experiments conducted in this dissertation (Chapters 3-6), the EW devices 
are fabricated such that electrodes have a co-planar geometry. In this geometry, the positive 
and ground electrodes are in the same plane, separated by a non-conducting gap between 
them, as shown in Figure 2.6. Under this configuration, the field lines form an arc from the 
high voltage electrode to the ground electrode based on the voltage gradient generated 
between the two electrodes [78]. The qualitative difference in the nature of the electric field 
lines implies that the capacitance will be very different for the two configurations. In the 
following chapters, an analytical estimate of the capacitance [78]–[80] for our co-planar 












− 1]  (2.5) 
where 𝑤 is the electrode width, 𝑎 is half the electrode gap width, 𝑙 is the length of the 
electrodes and 𝐴 is the wetted area of the droplet. This capacitance model accounts for the 
relative width of electrodes in relation to the width of the electrode gap. Alternatively, the 
traditional parallel plate capacitance is modeled as 𝐶𝑝𝑝 =
0 𝑑
𝑑
,  where 0 is the electrical 
permittivity of free space, 𝑑 is the dielectric constant and 𝑑 is the thickness of the dielectric 
layer [17], [18].  This co-planar geometry is advantageous for experiments described ahead 
as it eliminates the presence of a wire or a top plate that would obstruct condensation from 





Figure 2.6. a) Voltage distribution and b) electric field between the parallel co-planar 
electrode arrangement used in this work. 
While the above discussion was on the topic of EW-induced contact angle 
modulation, EW has been widely studied for droplet actuation and motion in many micro-
fluidic applications [81], [82]. EW droplet movement devices consist of flat parallel plates 
separated by fixed spacing with arrays of individually addressable electrodes fabricated on 
the bottom plate and a ground electrode as the top plate. When an electrode adjacent to the 
droplet is turned on, the electrostatic force propels the droplet towards it until it comes to 
equilibrium at the center of the activated electrode. The actuation force that drives droplet 
motion depends on the change of the droplet area in contact with the activated electrodes. 









)  (2.6) 
The above equation estimates the force as the gradient of the electrostatic energy 
distribution. Also, the EW actuation force is opposed by contact line friction, viscous drag 





Figure 2.7 Cross section of a parallel plate device used for droplet pumping. Figure 2.7 
reprinted with permission from Hale et al. Copyright 2015 IEEE. 
2.3 ELECTRIC FIELD ENHANCED CONDENSATION 
There have been historical as well as very recent studies on the use of electric fields 
to enhance condensation. Velkoff and Miller [83] studied electro hydrodynamics (EHD) 
enhanced condensation in 1965. Subsequent research studied the use of tubes and plates as 
electrodes to remove vapor or refrigerant condensate off surfaces resulting in heat transfer 
enhancement [84]–[86]. Studies have analyzed various aspects of EHD including thinning 
of the condensate film [87], [88], transition from filmwise to pseudo-DWC [89], disruption 
of the non-condensable gas layer at the liquid-vapor interface and others [86], [90], [91]. 
On a different note, Butt et al. demonstrated electric-field-induced condensation, where the 
presence of an electric field reduced saturation vapor pressure [92]. 
More recently, researchers have studied the influence of an electric field on jumping 
droplets on superhydrophobic surfaces. As droplets coalesce and leave the 
superhydrophobic surface, they attain a positive charge due to the electric-double-layer-









charged jumping droplets are found to be attracted to the ground or negatively charged 
electrode and are repelled by the positively charged electrode. This charging behavior 
occurs because most hydrophobic surfaces have a negative zeta potential. An external 
electric field can be applied to enhance removal of jumping droplets by counteracting 
gravitational forces and entrainment forces, preventing droplets from returning to the 
condensing surface [94]. Experiments showed a 100% increase in heat transfer by 
preventing droplet return compared to state-of-the-art DWC [95]. Yan et al. [96] showed 
that by applying a tangential AC electric field of 3-9kV, the jumping frequency was 
significantly enhanced as compared to that without the electric field; however the 
tangential droplet growth rate and coalescence was slower. Oh et al. [97], [98] 
demonstrated the use of electric field controlled jumping droplets for hot spot cooling.  
There exist seven studies on the use of EW for condensation enhancement from 
other research groups. The first study was by Kim et al. [99] and used an overhanging 
electrode to move droplets on an inclined surface. The electric field was used to overcome 
the static three-phase contact line friction, and initiate droplet motion. The same group used 
this concept to drain condensate in heat exchanger evaporators, and showed that the use of 
EW combined with hydrophobic surfaces can enhance drainage by 3X [100]. It is noted 
that in both these studies, one of the electrodes was external to the condensing surface.  
More recently, Baratian et al. [12] demonstrated EW-enhanced condensation by 
modifying the standard ‘breath figure’ condensation droplet arrangement on a surface. 
They fabricated interdigitated coplanar electrodes by patterning ITO (Indium Tin Oxide) 
on a glass substrate. Parylene C was used as the dielectric layer and CYTOP as the 
hydrophobic coating. By using an AC electric field, they were able to change the energy 
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landscape on the surface and modify the distribution of condensed droplets. This study 
showed that under an electric field, droplets initially aligned parallel to the electrode edges. 
As they grow, a coalescence cascade sets in to create a monodispersed distribution of 
droplets that align in the gap between electrodes. By calculating the electrostatic energy 
profile, they showed that droplets migrate towards the energy minima corresponding to 
their sizes, which eventually shifts to the center of the electrode gap. All this increases the 
average droplet size and shifts the distribution of droplet sizes away from classical droplet 
size distributions. Interestingly, droplet shedding occurred at smaller droplet sizes due to 
the reduction in contact angle hysteresis. Overall, this study reported an increase in area-
averaged droplet size and a 10%-12% reduction in surface coverage.  
The same group published another study on droplet shedding under various 
electrode geometries [13]. They compared droplet shedding radii and frequency on straight 
interdigitated electrodes and interdigitated electrodes with zigzag edges. For the straight 
electrodes, the shedding radius decreased with voltage due to the reduction in contact angle 
hysteresis. However, for the zigzag geometry, droplets accumulated at the apices of the 
triangles due to electrical trapping. Additionally, the shedding radius increased with 
voltage as a consequence of the larger electrical trapping force. To overcome this, the 
voltage was applied intermittently instead of continuously.  Coalescence was enhanced 
with the voltage on, and gravity driven shedding occurred with the voltage off.  
A study by Yan et al. [101] showed that the application of a DC electric field 
increased water shedding by inducing roll-off. However, this study involved condensation 
of mist droplets from a commercial water mister and cannot be directly compared with 
other studies on condensation of water vapor which strictly involve condensation via phase 
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change. The same group presented a follow-up study [14] visualizing the droplet size 
distribution under EW. By using various coplanar electrode designs, they showed that the 
distribution of droplets deviates from the random distribution seen in classical DWC. When 
compared to classical droplet size distribution models, a greater number of larger droplets 
were observed as a result of EW-induced coalescence. Additionally, this study also 
reported early and more frequent shedding events under an EW field.  
More recently, Högnadóttir et al. reported increased droplet coalescence under EW 
[16]. They applied a low frequency to a range of electrode geometries (electrode:gap width 
ratios) to identify the configuration that yielded the highest condensation rate. Additionally, 
this study applied the electric field intermittently, reporting a >50% enhancement in 
condensation. This highlights the fact that an intermittent field can be more advantageous 
than a continuous field in terms of removing condensate.  
2.4 STATISTICS AND DATA SCIENCE-BASED MODELING OF DROPLET COALESCENCE 
Chapter 4 aims to understand the relationships between droplet coalescence and 
various parameters associated with EW systems. The rationale underlying our approach is 
that fundamentals-based modeling of droplet coalescence of an ensemble of droplets under 
an electric field is very challenging owing to the complex physics associated with the 
underlying phenomena. However, it is relatively easy to get access to large quantities of 
experimental data on coalescence dynamics based on visualization of droplets. All this data 
can be analyzed using machine learning techniques to obtain insights into droplet 
coalescence. This section provides a background on the machine learning algorithms used 
for the analysis presented in Chapter 4.  
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Machine learning tools such as image analysis, support vector machines, neural 
networks etc. have been used in previous microfluidics-focused studies [102]–[104]. 
Similar tools have also been used for analyzing various heat transfer phenomena as 
potential replacements for traditional computational techniques. Yang et al. used regression 
functions, decision trees, random forests and artificial neural network models to predict the 
interfacial thermal resistance between graphene and hexagonal boron–nitride (hBN) using 
temperature, coupling strength and in-plane tensile strains data [105]. Zhan et al. used 
linear regression, Lasso regression and Support Vector regression to model thermal 
boundary resistance using material properties [106]. Hobold et al. used machine learning 
visualization and principle component analysis to classify various boiling regimes [102]. 
Additionally, statistical analysis has also been used to model droplet coalescence in 
atmospheric sciences [107], [108]. However, there is no prior study on the use of any 
machine learning technique to study electrically enhanced coalescence of droplets. In 
Chapter 4, variable selection and regression analysis are used to understand the influence 
of EW parameters on droplet coalescence dynamics. Some statistical models which are 
relevant to this analysis are described ahead.  
Three variable selection based statistical techniques; Ridge regression, Lasso 
regression and Random Forest are used (in Chapter 4) to identify the relative influence of 
the input parameters on the respective output parameters. All these three techniques are 
supervised learning methods, and are widely used in statistical modeling for feature 
selection or shrinkage [105]. Ridge regression is an extension of linear regression analysis 
and imposes a penalty to the expression that minimizes the sum of least squares (which is 
the cost function associated with linear regression), causing variable shrinkage. The penalty 
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is imposed to the total size of the coefficients such that more important predictors will have 
higher coefficients and less important predictors will have lower coefficients, based on the 
magnitude of the applied penalty [109], [110]. Ridge regression minimizes the cost 
function as: 
∑ (𝑦𝑖 − ∑ 𝑥𝑖𝑗𝛽𝑗𝑗 )
2
+ 𝜆𝑁𝑖=1 ∑ 𝛽𝑗
2𝑝
𝑗=1  (2.7)  
where the first term is the cost function associated with least squares, and the second term 
is the additional penalty term. Here, 𝑥 includes the set of independent variables and 𝑦 is 
the dependent variable to be predicted, 𝜆 is the applied penalty which can be optimized. 
The model solves for the parameter 𝛽 in order to minimize the cost function. 
Another method of variable selection is Lasso regression. Similar to Ridge 
regression, Lasso regression imposes a penalty term to the sum of squares minimization, 
where the penalty term takes the form of 𝜆 ∑ |𝛽𝑗|
𝑝
𝑗=1 . This penalty term shrinks the 
unimportant variable coefficients to zero, eliminating them from the model [106], [109], 
[111] which is a significant benefit of Lasso regression over Ridge regression. This makes 
Lasso regression an advantageous screening tool to identify the most correlated variable, 
creating a more sparse problem with fewer coefficients [111]. Additionally, in Lasso 
regression, the variable selection process is continuous and more stable, making it more 
computationally feasible for higher dimensional data.  
The Random Forest method is widely used in statistical data science regression 
studies. Random Forests consist of several decision trees which are models that learn to 
split the dataset into smaller and smaller subsets to predict the target values. During this 
process, many hyper parameters (such as the number of decision tress in the forest and the 
number of features considered by each tree when splitting a node) must be optimized in 
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order to reduce the error between the training and predicted data [105]. Presently, besides 
optimizing the Random Forest model to minimize the error, the algorithm can also 
determine the importance of the input features. Feature importance is calculated as the 
decrease in node impurity weighted by the probability of reaching that node. The node 
probability is estimated as the ratio of the number of samples that reach the node to the 
total number of samples. This method identifies the input variables which contribute the 
most to building the decision trees in the forest; these will also impact the output variables 
accordingly.  
In addition to algorithms that can identify the significant input parameters, it is also 
important to identify tools to accurately model and predict the relationship between the 
significant input parameters and output parameters. Chapter 4 involves regression analysis, 
and we used the Support Vector Regression (SVR) and Kernel Ridge Regression (KRR) 
methods. 
SVR is based on Support Vector Machines (SVM)  is a classification method that 
uses hyperplanes to best separate the features into different domains. Alternatively, SVR 
is a regression method where, like SVM, bounds are defined within which the error can lie. 
The goal of SVR is to find these bounds in the form of a function that at most deviates by 
ε from the target values for all the training data. In this model, ε is the epsilon-tube within 
which no penalty is associated in the training loss function. Here, ε is the user specified 
threshold parameter that determines the threshold within which the error can exist. Hence, 
the goal of this method is to ensure that the errors do not exceed the threshold ε value. A 
parameter C is defined which is the penalty parameter of the error term. In SVR, the inputs 
are first nonlinearly mapped into a high dimensional feature space wherein they are 
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correlated linearly with the output [112]. Such a linear regression in high-dimensional 
feature space reduces the algorithm complexity, enabling high predictive capabilities of 
both training and unseen test examples.  
KRR is an extension of least square regression which solves overfitting and 
multicollinearity problems associated with least square methods by integrating Ridge 
regression and kernel methods [113]. The form of the model is very similar to SVR; 
however, the loss function uses a squared error. Both SVR and KRR use a kernel function 
which maps the non-linear data to a higher dimensional linear space to reduce the 
complexity of solving the problem. Several different kernel functions exist, including linear 
and polynomial. Another popular kernel function is the radial basis function (rbf) described 
as [114]:  





)  (2.8)  
where 𝑥𝑖 and  𝑥𝑗 represent the two input vectors and 𝜎 is a free parameter which can be 
expressed as 𝛾 =
1
2𝜎2
 such that 𝛾 sets the spread of the kernel. These analytical techniques 
are advantageous to utilize for predictive modeling in complex physical systems with large 
datasets where analytical or computational predictions are challenging.  
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Chapter 3: Electrowetting-based enhancement of droplet growth 
dynamics and heat transfer during humid air condensation1  
The objective of this task is to study electrowetting (EW)-based enhancement of 
droplet growth dynamics and heat transfer during humid air condensation. This task 
describes experiments and analysis to study early-stage droplet growth dynamics, as well 
as steady state condensation under the influence of an electric field. It is seen that droplet 
growth is enhanced as the voltage and frequency of AC electric fields is increased, with 
AC electric fields seen to be more effective than DC electric fields. Droplet roll-off 
dynamics also depends on the frequency of the AC field. Overall, the electric field alters 
the droplet size distribution and moves the condensate to more favorable states for removal 
from the surface. The condensation rate is influenced by the droplet roll-off diameter, 
frequency of roll-off events, and the interactions of the rolled-off droplets with the 
remainder of the droplets. An analytical heat transfer model is developed and utilized to 
relate the measured condensation rate with heat transfer. This model takes into account the 
fact that this study deals with condensation of humid air, and not pure steam. Overall, this 
study reports more than 30% enhancement in condensation rates resulting from the applied 
EW field, which highlights the attractiveness of EW for condensation enhancement.  
 
1 The contents of this chapter have been published in the following journal article: E. D. Wikramanayake and 
V. Bahadur, “Electrowetting-based enhancement of droplet growth dynamics and heat transfer during humid 
air condensation,” Int. J. Heat Mass Transf., vol. 140, pp. 260–268, 2019. The dissertator is the main 
contributor of all aspects of this research. 
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3.1 EXPERIMENTAL SET UP AND PROCEDURE FOR CONDENSATION EXPERIMENTS 
Dropwise condensation experiments were conducted on Indium Tin Oxide (ITO) 
coated glass slides. Photolithography and plasma etching were used to pattern an 
interdigitated electrode layout (Figure 3.1a), detailed ahead. The substrates were 50mm x 
25mm x 1.1mm glass slides with a 120-160 nm thick layer of ITO (Delta Technologies). 
The slides were patterned via a photolithographic process using the following procedure:  
• Substrates were spin coated with the photoresist AZ5209 at 4000 RPM for 45 seconds 
and soft baked for one minute at 95 °C. This resulted in a 0.9 μm layer of photoresist.  
• Substrate was then exposed to UV light through the pattern mask and developed using 
AZ3000MIF developer to reveal a pattern of exposed ITO and photoresist.  
• Exposed ITO was removed by plasma etching (Oxford Instruments Plasma Lab 80) 
using a mixture of CH4 and Ar gas.  
The two sets of electrodes were connected to the high voltage and ground ends of 
a signal generator and amplifier, to generate an electric field between adjacent electrodes, 
as shown in Figure 2.6. The electrode width and gap were 50 µm each. Figure 3.1b shows 
the cross section of the condensation surface. A 2 µm layer of CYTOP (amorphous 
hydrophobic fluoropolymer) was spin coated on the surface as the EW dielectric. The 
dielectric layer is a critical requirement of EW systems, and stores electrostatic energy, 
which actuates the droplet. The condensing surface was placed (Figure 3.1c) on a liquid 
nitrogen cold plate (Instec-mK1000 LN2-P), which maintained the surface at 2±1ºC, to 
eliminate ice formation. The entire setup was placed in an environmental chamber (ESPEC 




Figure 3.1. Schematic of experimental setup. a) Top view of condensation surface showing 
interdigitated electrode architecture. b) Cross section of surface showing EW-
related details. c) Surface under optical microscope to visualize droplet 
growth dynamics. d) Vertically oriented surface to study droplet roll-off.  
Two types of experiments were presently conducted. The first type of experiments 
involved visualization of droplet growth dynamics on a horizontal surface (Figure 3.1c). 
Condensation was prevented on the cold plate (by flowing a stream of nitrogen gas), while 
the temperature was ramped down. Once the plate reached a steady 2ºC, nitrogen flow was 
turned off, and the EW field was turned on. The electric field remained on for the rest of 
the experiment. Droplet growth was recorded with a 5X magnification lens of a Nikon 
Eclipse LV150N optical microscope. Experiments were conducted with 60 V rms and 100 
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V rms and at AC frequencies of 0 Hz (DC), 1 Hz and 10 kHz. Baseline experiments were 
conducted without any applied voltage. No experiments were conducted above 100V to 
avoid breakdown of the dielectric layer. All experiments lasted 30 minutes and capture 
early-stage dynamics of droplet growth and coalescence.  
For the second type of experiments, the surface was oriented vertically (Figure 
3.1d) and the experiments were conducted for longer durations. Droplets were seen to 
grow, coalesce and roll-off with the rolled-off droplets sweeping additional condensate as 
they left the surface. The amount of condensed water was estimated, and was used to 
validate the heat transfer model detailed ahead. These experiments were conducted at 100 
V rms and at AC frequencies of 1 Hz and 10 kHz. 
Post-processing involved using MATLAB to count the number and size of 
condensed droplets (circle finder image processing script). The software and imaging 
capabilities allowed the detection of droplets larger than 5 µm. Droplets were assumed to 
have a spherical cap geometry, with a contact angle of 120° in the absence of an EW field. 
An EW voltage reduced the contact angle to as low as 90°. It is noted that all reported data 
in this study is the average of three repetitions.  
3.2 EXPERIMENTAL RESULTS: EARLY STAGE DROPLET GROWTH DYNAMICS 
This sub-section describes droplet growth dynamics under the influence of an EW 
field. Figure 3.2 shows snapshots of the droplet size distribution at 10 minutes and 30 
minutes for the baseline (no voltage) case, 100 Vrms, 10 kHz case and 100 V DC case. At 
the beginning, droplets grow post-nucleation by condensation of vapor. Coalescence 
occurs once the droplets are large enough to contact adjacent droplets[29]. In the absence 
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of an EW field (Figure 3.2a and d), droplets maintain a self-similar and homogenous 
random pattern as the average droplet radius increases.  
 
Figure 3.2. Droplet growth patterns under a) no voltage at 10 minutes, b) 100 Vrms, 10 
kHz at 10 minutes, c) 100 VDC at 10 minutes, d) no voltage at 30 minutes, e) 
100 Vrms, 10 kHz at 30 minutes, f) 100 VDC at 30 minutes. The electrode 
width (light areas) and gap between electrodes (dark areas) is 50 μm. 
It is clearly seen that an electric field alters the droplet distribution. Droplets 
migrate to locations where the electrostatic energy of the system is minimized; the specific 
location depends on the electrode and droplet geometry and has been previously 
studied[17], [63]. Droplets will migrate, when they are large enough (radii> 5-10µm) for 
the electrostatic force to exceed the resistance due to contact angle hysteresis. Importantly, 
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as the droplets grow, the electric field is itself modified (droplet is electrically conducting, 
compared to the insulating dielectric and air), and the minimum energy location can 
change[12].  
Under AC fields, the minimum energy location is the center of the gap between 
adjacent electrodes[12], [17], [63]. Indeed, Figure 3.2b shows droplets aligning along the 
electrode gaps (dark areas). As the droplets grow, they will merge, but they still prefer 
residing in the electrode gaps (Figure 3.2e). Another notable observation is the role of the 
AC frequency on the type of droplet motion. At 10 kHz, droplets migrate to the minimum 
energy location, and remain there, with the triple phase line oscillating about the 
equilibrium position. However, at 1 Hz, droplets respond to the changing voltage by 
physically translating around their equilibrium positions (in addition to oscillations at the 
triple phase line). Both types of motions (oscillation, translation) will assist coalescence. 
Contact-line motion is also favorable from the point of view of reducing pinning at the 
triple phase line. It is also known that contact angle hysteresis and roll-off angles are 
lowered with AC electric fields[12], [13].  
For the case of a DC field, the droplet arrangement is seen to be the opposite of the 
AC field. When the droplets are large enough to be affected by the electric field, they 
migrate to the interface between the ground electrode and the electrode gap (Figure 3.3c). 
At later instants, these droplets merge and then line up on the ground electrode (Figure 
3.3d). The droplets remain here and continue to grow by condensation or coalescence as 
seen in Figure 3.2c and f. Higher contact line friction (under DC electric fields) prevents 
them from moving unlike what is observed under AC fields. Figure 3.3 highlights the 
differences in the coalescence patterns for the AC and DC cases, with droplets clearly 
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lining up in the electrode gap for an AC field (Figure 3.3a and b), and larger (coalesced) 
droplets lining up on ground electrodes for the DC field (Figure 3.3c and d). 
 
Figure 3.3. Early stage droplet growth dynamics under AC and DC fields a) 100 V rms, 10 
kHz at 3 minutes, b) 100 V rms, 10 kHz at 5 minutes c) 100 V DC at 3 
minutes, d) 100 V DC at 5 minutes. The dotted lines show droplets aligning 
at 3 minutes and then merging to form droplets on the electrode gaps for the 
AC case (b) and the ground electrode (d) for the DC case. 
The above discussions highlight the dependence of electric field-induced droplet 
growth dynamics on the nature of the electric field, electrode architecture and surface 
chemistry. Overall, any type of droplet motion is beneficial for promoting coalescence and 
enhancing droplet growth. To quantify the overall influence of the electric field on growth 
dynamics, the area-weighted average droplet radius, < 𝑅 >=
∑ 𝑟3
∑ 𝑟2
  was estimated using the 
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previously described image processing methodology. It is noted that during early stages of 
growth, the area-weighted average radius for the baseline case is found to be equal to the 
average radius ?̅? =
∑ 𝑟𝑖𝑖
𝑛
 , since the droplet size distribution has one dominant average 
radius. 
Figure 3.4 shows the evolution of < 𝑅 > for applied voltages of 100 V rms (Figure 
3.4a) and 60 V rms (Figure 3.4b), with frequencies of 1 Hz, 10 kHz and 0 Hz (DC voltage), 
along with the baseline case. It is clearly seen that an electric field accelerates growth 
dynamics, with the differences becoming more pronounced at longer times. At the end of 
30 minutes < 𝑅 > was higher than the baseline by 23% for 60 V (10 kHz) and 35% for 
100 V (10 kHz). In general, faster droplet growth was observed for a 10 kHz waveform 
compared to a 1 Hz waveform. This suggests that the reduced contact angle hysteresis 
associated with high frequency AC fields[12], [63] makes it easier for droplets to move 
and coalesce. Very interestingly, the DC electric field showed negligible improvement 
from the baseline case. For a DC field, the droplets migrate to the minimum energy position 
and remain there. The absence of oscillatory motion of the contact line reduces the 
possibility of larger droplets capturing smaller ones. Droplets can only grow by further 
vapor condensation or via translation of newer droplets, which is also challenging due to 
the larger hysteresis associated with DC fields. The nature of the electric field lines will 
also be different for AC versus DC fields. For DC fields, the droplet is considered 
equipotential, however AC fields will penetrate inside the droplet (this effect becomes 




Figure 3.4. Area-weighted average radius of condensed droplets versus time under EW 
voltages of a) 100 V and b) 60 V. 
The influence of electric fields can also be quantified by analyzing the rate of 
droplet growth (rate of change of area-averaged radius) 
𝑑<𝑅>
𝑑𝑡
. For the baseline case (Figure 
3.5), the growth rate of the average radius decreased and plateaued to a constant value, as 
also reported by Leach et al.[28]. Under AC fields, 
𝑑<𝑅>
𝑑𝑡
 shows a decaying oscillatory trend 
with time. The increase in droplet growth rate, or positive slope regions of this curve are 
due to electric field-based coalescence cascades. After one cascade droplets settle in their 
new equilibrium locations, and additional coalescence is prevented for some time, since 
they are too small to contact the neighboring droplet. Accordingly, the growth rate slows 
down (negative slope region), with condensation being the growth driver. When these 
droplets (fed by new condensate) become large enough to ‘see’ the neighboring droplets, 
an electric-field based coalescence cascade occurs again (positive slope region). For a DC 
field, there is an initial increase in growth rate when the influence of an electric field is first 
seen. However, droplets do not oscillate, and subsequent growth rate reduces as direct 
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vapor condensation becomes the dominant mechanism, along with the translation of newly 
nucleated droplets.  
 
Figure 3.5. Rate of change of area-averaged droplet radius for 100 Vrms AC fields, 100 
VDC field and baseline cases. 
The impact of electric fields on droplet size distributions after 30 minutes is 
depicted in Figure 3.6. For the baseline case, a unimodal log-normal distribution is 
observed which shows a decreasing average radius and a widening droplet size distribution 
over time until roll-off. Under an electric field, a bi-modal or multi-modal distribution[12] 
is observed, wherein large droplets are surrounded by many small droplets. Although the 
distribution shows a smaller number density in the larger size bin, the larger droplets 
account for a significantly greater volume (volume scales as 𝑟3) percentage of the 
condensate. At 30 minutes, the total condensate volume in the largest bin (> 100 μm) for 
100 V rms AC is 3X greater than in the no voltage case. This again highlights the influence 




Figure 3.6. Distribution of sizes of droplets condensing under the influence of electric fields 
after 30 minutes. 
Knowledge of droplet size distributions is used to estimate the heat transfer rate, as 
detailed ahead. Droplet size distribution is also critical to overall enhancement of CHT. 
While smaller droplets enhance heat transfer locally (lower thermal resistance), larger 
droplets sweep away significant condensate when they detach, thereby exposing fresh 
surfaces for nucleation. Additionally, increased condensation rates will lead to more 
frequent sweeping events. All these considerations are suggestive of an optimum 
distribution that maximizes heat transfer; this can be explored in a future study.  
3.3. EXPERIMENTAL RESULTS: DROPLET ROLL-OFF AND CONDENSATION RATE 
This section discusses experiments with vertically oriented surfaces, which allowed 
the droplets to roll-off. These experiments were run for 3 hours. The condensation rate was 
obtained by cumulatively adding the mass of droplets rolled-off over time. Droplet mass 
was estimated using image analysis to find the radius (hence volume) of the spherical cap 
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shaped droplet after it had rolled off the active condensation area. Figure 3.7a shows the 
condensation mass flux (average of three experiments) for various cases. Droplet roll-off 
occurs when the coalesced droplets have reached a critical radius. Thereafter, the 
condensed mass flux is estimated using the procedure outlined above. For the cases of no 
voltage and 100 V, 10 kHz, two regions of the curve (Figure 3.7a) can be identified. The 
initial, higher slope region accounts for a large number of roll-off events taking place 
between the time corresponding to roll-off of the first droplet, till the time that the entire 
area is swept at least once. The second region corresponds to a lower and constant slope 
(constant condensation rate), which is maintained for the remainder of the experiment. This 
regime is referred to as steady state wherein droplet nucleation, growth, coalescence, and 
roll-off occur at various places on the surface[28], [115]. This is a quasi-steady process 
with a stable droplet size distribution and a steady rate of heat transfer. Under these 
conditions, classical models can be used to characterize the number density of droplets[30]. 
The slope of the curves in Figure 3.7b can be used to estimate the steady state condensation 
rate.  
 
Figure 3.7. a) Condensed mass flux versus time for three cases (no voltage, 100 V, 10 kHz, 
and 100 V, 1 Hz), and b) Steady state condensation rate for the three cases.  
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Figure 3.8a compares the roll-off radii for the three cases. Figure 3.8b compares the 
roll off frequency (the number of roll-off events per unit area) and Figure 3.8c compares 
the time at which the first roll-off event takes place. For the no voltage case, the first roll-
off event occurred at ~60 minutes and the average roll-off radius was 725±89 µm. In this 
case, droplets maintain a random self-similar pattern (regardless of the size), which results 
in a stable droplet size distribution. For the 100 V, 10 kHz case, the first roll-off event 
occurred at ~70 minutes. The average roll-off radius was 730±75 µm. This delayed roll-
off is the result of the electric field pinning down droplets [13], noting that the electric field 
lines will penetrate the droplet. This electrical pinning effect can also be inferred from the 
low roll-off frequency throughout the experiment. This suggests that periodically turning 
the electric field off will assist in droplet roll-off. It is also noted that the electrodes were 
oriented vertically, which significantly reduces the electrostatic resistance to droplet roll-
off along the equipotential electrode surface. Also, large droplet roll-off radii are not 
necessarily detrimental, as the droplet size determines the amount of condensate swept by 








Figure 3.8 Key parameters associated with droplet roll-off under various cases. a) droplet 
roll-off radius, b) roll-off frequency, c) time for first roll-off event to occur. 
The most interesting case is the case of 100 V, 1 Hz. The first roll-off event occurred 
at ~30 minutes, and the average roll-off radius was 420±100 µm. This is 35% earlier and 
42% less than the roll-off start time and average radius of the baseline case, respectively, 
as seen in Figure 3.8. Additionally, at 100 V, 1 Hz the roll-off radius is >70% smaller than 
the other cases. The reason for the lower roll-off radius is the reduction in contact angle 
hysteresis associated with AC electric fields. Droplets are observed to oscillate around their 
mean position, thereby de-pinning the three-phase contact line from the surface. 





coalescence with other droplets, which can trigger roll-off. The high roll-off frequency can 
be attributed to this phenomenon. As droplets roll off, they gather smaller condensed 
droplets in their path. Following a roll-off event, smaller droplets which have nucleated in 
the track exposed by a droplet that rolled-off are observed translating between electrodes 
under the low frequency AC field. However, although the roll-off frequency is high, the 
average size of the rolled-off droplet is low, since the droplets have had less time to grow. 
This results in lower overall condensation rates as compared to the high frequency case. In 
the high frequency case, the roll-off frequency is low and the roll-off radius is the largest 
of all the cases studied. These large droplets capture a significant number of smaller 
droplets on their way down, thereby opening up a large new track for fresh nucleation. 
Overall, these results demonstrate that condensation need not be maximized by droplets 
rolling-off rapidly (and at smaller sizes). Condensation also depends on the interactions of 
the rolling-off droplets with the rest of the droplets. 
Figure 3.7b shows the steady state condensation rates for the three cases. The 100 
V, 10 kHz case has the highest condensation rate, which is 33% higher than the baseline 
case. This corresponds to largest droplet roll-off radius and the lowest frequency at which 
droplets roll-off. The large droplets capture a significant number of smaller droplets on 
their way down, thereby opening up a large new track for fresh nucleation. For the 100 V, 
1 Hz case, the condensation rate is 17% higher than the baseline case. This case is 
characterized by a relatively low roll-off radius and high frequency of roll-off events. Since 
the roll-off frequency is high, there is lesser time for droplets to grow. Consequently, 
smaller droplets are swept away as compared to the 100 V, 10 kHz case. These numbers 
suggest that overall condensation need not be maximized by droplets rolling-off rapidly 
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and at smaller sizes, but also involves consideration of the interactions of the rolling-off 
droplets with the rest of the distribution.  
3.4 HEAT TRANSFER MODELING  
This section details first-order models to relate the measured water collection to 
condensation heat transfer (CHT). A thermal resistance network-based analytical model is 
first described, which predicts CHT for a specified droplet size distribution. This model is 
used to predict the heat transfer for the baseline case with no voltage. Interestingly, it is 
seen that the predictions from this model reasonably match the predictions of another 
thermodynamics-based first-order model, which requires the water collection rate as the 
input (instead of droplet size distribution). This thermodynamics-based model is therefore 
used to predict CHT under EW fields. It is noted these models constitute the first detailed 
assessment of the benefits of EW on CHT enhancement. 
The thermal resistance network-based heat transfer model is briefly described, and 
extends the work of Zhoa et al.[49]. Historically, similar models have been used for CHT 
analysis; however all the studies involved DWC under saturated vapor conditions[5], [32], 
[116]. In the present experiments with humid air, the thermal resistance network needs to 
be modified to account for the presence of non-condensable gases. It is well-known that 
the presence of non-condensables drastically reduces CHT[3], [49], [51]. The thermal 
resistance network also considers natural convection from the non-wetted area, which is an 




Figure 3.9. Thermal resistance network corresponding to a single droplet and the area 
surrounding the droplet during dropwise condensation 
Figure 3.9 shows the thermal resistance network (corresponding to a single droplet) for 
DWC in the presence of non-condensables. As water vapor condenses, a layer of non-
condensables accumulates at the liquid-vapor interface around the droplet. The water vapor 
in ambient air diffuses through this boundary layer to reach the droplet, which imposes a 
conduction resistance through air. This boundary layer offers the largest thermal resistance 
in the heat transfer network [3], [51], [52]. Zhoa et al.[49] modeled this boundary layer as 
containing two resistances in parallel which transfer heat from the ambient air at 𝑇∞ to the 
surface of the droplet at 𝑇𝑖; a similar approach is presently used. The resistance associated 




  (3.1) 
where ?̇? is the condensation rate based on experimental data, ℎ𝑓𝑔 is the latent heat of 
condensation, and 𝑇𝑖 and 𝑇∞ are the interface and ambient temperatures, respectively. The 






  (3.2) 
where 𝑘𝑎𝑖𝑟 is the thermal conductivity of air and 𝑆(𝑟) is the projected area of the droplet. 
In equation 3.2, 𝛿 is the thickness of the boundary layer, which in an unknown. However, 
by equating the condensation rate to the mass diffusion rate [26], [49], an approximation 




  (3.3) 
where 𝒟 is the diffusion coefficient of water vapor in air, 𝑐 is the concentration and 𝑀 is 
the molecular weight of water. 𝑥∞ is the mole fraction in air, determined by ambient 
conditions (𝑥∞ = 𝑅𝐻
𝑃𝑠𝑎𝑡
𝑃∞
,  where 𝑃𝑠𝑎𝑡 is the saturation pressure and 𝑃∞ is ambient pressure 
which is the atmospheric pressure under experimental conditions) . 𝑥𝑖 is the mole fraction 
at the liquid-vapor interface of the droplet determined by the Clausius-Clapeyron Equation 
3.4 as: 
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Under these conditions, 𝑇𝑏𝑜𝑖𝑙 is the boiling point under atmospheric pressure (𝑃∞).  
Next, the thermal resistance associated with the droplet is considered, based on 
existing classical droplet thermal resistance models [5], [33], [34]. This network consists 
of an interface resistance and conduction resistance in series [5], [32], [34], [116]. The 
interface resistance [32], [33] accounts for the temperature drop at the vapor-liquid 
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where  is the contact angle and 𝑅𝑔 is the specific gas constant. The accommodation 
coefficient (condensation coefficient), 𝛼 is the fraction of vapor molecules that move into 
the liquid droplet during phase change and is found to be in the range of 0.02-0.04 for water 
[33]. In this work, we use 𝛼 = 0.02 to represent the low humidity conditions of present 





where 𝑘𝑙 is the thermal conductivity of water. The overall thermal resistance associated 









+ 𝑅𝑖𝑛𝑡 + 𝑅𝑐𝑜𝑛𝑑,𝑑𝑟𝑜𝑝 (3.8) 
The droplet radius dependent heat transfer can then be expressed as: 




where ∆𝑇 = 𝑇∞ − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒. From a knowledge of droplet size distribution and inclusion 
of natural convection, the overall heat flux can be estimated as [5]: 




where the first term on the right is the heat flow through all the droplets. 𝑁(𝑟) the number 
density of droplets at a given time instant. The second term on the right accounts for natural 
convection through the non-wetted area around the droplet, where 𝑓𝑑𝑟𝑦 is the fraction of 
dry area and ℎ𝑎𝑖𝑟 is the heat transfer coefficient (method used to estimate ℎ𝑎𝑖𝑟 is described 
below).  
This model predicts a steady-state CHT of 104 W/m2 for the baseline case, based 
on the measured droplet size distribution. While this is a low value of flux compared to 
most studies on condensation, it is noted that this work involves condensation of humid air 
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and not pure steam (unlike most studies); furthermore, there are no forced convection 
effects here. The thermal resistance network (Figure 3.9) used in the heat transfer model 
accounts for heat transfer through the condensed droplets and natural convection in the 
non-wetted part. The magnitude of various thermal resistances as a function of droplet size 
is shown in Figure 3.10. The two resistances associated with the droplet are the conduction 
resistance and the interface resistance. These two resistances are in series and are obtained 
from classical dropwise condensation heat transfer models [5], [32], [117]. However, since 
humid air is involved, the resistance network was modified to account for the resistances 
in the layer of non-condensable gas (NCG) around the droplets [49]. In the NCG layer, the 
diffusion branch accounts for vapor molecules diffusing through the NCG layer to the 
droplet. Figure 3.10 shows that the dominant resistance in the network is conduction 
through air and this resistance determines the overall resistance and the heat transfer. The 
resistances within the droplet are significantly lower than those in the NCG layer due to 
the relatively high thermal conductivity of water. This figure also captures the degradation 




Figure 3.10. Comparison of various thermal resistances in the thermal resistance network. 
In addition to the thermal resistance-based analytical model, the heat flux can also 
be estimated from first-order thermodynamics-based assessments. From the knowledge of 
the measured condensation rate ?̇?" and the surface wetted fraction, the overall heat transfer 
can be estimated as: 
𝑄" = ?̇?"ℎ𝑓𝑔 + 𝑚"̇ 𝐶𝑝,𝑤𝑣(𝑇∞ − 𝑇𝑑𝑝) + 𝑓𝑑𝑟𝑦 ∗ ℎ𝑎𝑖𝑟(𝑇∞ − 𝑇𝑠)  (3.11) 
It is noted that a similar approach was used to predict CHT associated with atmospheric 
water harvesting applications[22]. The first term on the right side in Equation 3.11 accounts 
for latent heat of condensation ℎ𝑓𝑔 (2270 kJ/kg). The second term accounts for sensible 
cooling of vapor (which eventually condenses) and the third term accounts for natural 
convection-based heat gain by the dry surface area. 𝐶𝑝,𝑤𝑣 is the specific heat of vapor, and 
𝑇∞ and 𝑇𝑑𝑝 are the ambient and dew point temperatures, respectively.  
The average heat transfer coefficient for the condensing area was estimated by 


















  (3.12) 
where 𝑘𝑎𝑖𝑟 is the thermal conductivity of air, 𝑔 is the acceleration due to gravity, 𝛽 is the 
volumetric thermal expansion coefficient, 𝜈 is the kinematic viscosity, 𝑔(𝑃𝑟) is a function 









. This analysis is valid 




  [26]. Based on the above description, ℎ𝑎𝑖𝑟 is primarily influenced by the length 
of the condensing surface and the temperature difference between ambient and the surface.  
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Comparison of the three terms (latent heat, sensible cooling and natural convection) 
in Eq. 3.11 shows that the contribution of sensible cooling is negligible. For the baseline 
case, latent heat and natural convection represent 71% and 29% of the total flux, 
respectively. The relative contribution of the latent heat term increases with an increase in 
the condensation rate. For the 100 V, 10 kHz case where the mass flux is highest, latent 
heat and natural convection show the same breakdown of the total flux as the baseline case. 
This thermodynamics-based model (Equation 3.11) predicts a condensation heat 
flux of 85 W/m2 for the no voltage case. This is a reasonable match with the prediction of 
the thermal resistance network-based model (104 W/m2), considering the simplicity and 
the significant assumptions involved in the formulation. The thermodynamics-based model 
requires knowledge only of the condensation rate and the surface wetted fraction which is 
reported in literature [12], [28], [29]. Using this model for the cases of condensation under 
EW fields results in heat transfer rates of 102 W/m2 and 111 W/m2 for the 100 V, 1Hz and 
100 V, 10 kHz cases, respectively. When compared to the baseline case, there is a 21% and 
31% enhancement for the 100 V, 1Hz and 100 V, 10 kHz cases, respectively. It is noted 
that the enhancement in the condensation rate is different from the enhancement in 
condensation heat flux. This difference is due to the natural convection term in 
condensation heat transfer, which makes the relationship between CHT and condensation 
rate non-linear. 
3.5 CONCLUSIONS 
This study shows that electric fields can significantly influence coalescence and growth 
dynamics during condensation of humid air. Enhancement is controlled by factors such as 
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the magnitude and frequency of the applied waveform and the electrode architecture. It is 
seen that AC fields promote greater coalescence than DC fields, with higher frequencies 
increasing droplet growth rate. The roll-off dynamics is also altered by the electric fields, 
and it is possible to control the roll-off size and frequency by controlling the applied 
waveform. Total condensate removal depends on the size and frequency of droplets rolling 
off, and also on the amount of liquid captured by the droplet as it departs. Condensate 
removal enhances heat transfer; heat transfer enhancement of up to 31% was observed in 
this study. In conclusion, this chapter sets the foundations for EW-based enhancement of 






Chapter 4: Statistical Modeling of Electrowetting-Induced Droplet 
Coalescence2  
As clearly seen in the previous chapter, droplet coalescence is a very important 
parameter associated with dropwise condensation (DWC). In general, coalescence of 
droplets is a complex microfluidic phenomenon governed by various interactions occurring 
at the three-phase contact line and various interfaces. When droplets coalesce, initially a 
liquid bridge forms between the droplets, followed by the final droplet forming at the center 
of mass of the original droplets [28], [35]. Studies show that during this process, contact 
line pinning and viscous dissipation influence the receding contact angle dynamics more 
strongly than advancing contact line dynamics [36]. Also, the two merging droplets leave 
behind fresh dry area for nucleation to occur. Modeling the physics associated with all 
these interactions is very challenging. The challenges are significantly amplified when 
condensation is influence by EW, as the nature of the electric field will also come in play. 
Analytical or computational predictions of EW-accelerated coalescence are challenging 
and of limited use due to limitations in current understanding of the underlying physics and 
lack of knowledge of parameters to accurately model phenomena occurring at the three-
phase line.  
In view of the above challenges, the work described in this chapter uses 
experiments coupled with statistical modeling to study EW-accelerated droplet 
coalescence.  In particular, a parametric study is conducted to understand the influence of 
 
2 The contents of this chapter have been published in the following journal article: E. D. Wikramanayake and 
V. Bahadur, “Statistical modeling of electrowetting-induced droplet coalescence for condensation 




three important parameters on EW-accelerated droplet coalescence: applied voltage, 
frequency of the AC EW field and electrode geometry. We experimentally quantify the 
change in droplet size distribution upon the application of an electric field, and analyze the 
results using multiple statistical techniques to quantify the influence of these parameters 
on droplet coalescence. This approach thus leverages the large amount of data (via tracking 
of multiple droplets) available in condensation experiments, and uses machine learning-
based approaches to develop statistical predictive models, which are grounded in EW 
physics.  
The novelty and intellectual merit of this work is briefly summarized ahead. As 
background, there are very few studies on droplet dynamics during EW-influenced 
condensation [12]–[16]. Machine learning tools such as image analysis, support vector 
machines, neural networks etc. have been used in studies on various microfluidic 
applications [102]–[104], [106]. Statistical analysis has also been used to model droplet 
coalescence in atmospheric sciences [107], [108]. However, there is no prior study on the 
use of any machine learning technique to study electrically enhanced coalescence of 
droplets. This study uses machine learning-based statistical tools to understand the 
influence of EW parameters on droplet coalescence dynamics. We use the predictions from 
the statistical models to propose a reference tool to predict changes in droplet size 
distribution based on the applied electric field. We note that while the analysis is conducted 
for a specific EW configuration, the conclusions and the current approach (experimental 
data-based statistical modeling) can be adopted to a wide variety of configurations. 
59 
 
4.1 EXPERIMENTAL PROCEDURES  
Indium Tin Oxide (ITO) coated glass slides were used as the substrates for 
fabricating EW devices using the procedure described in Chapter 3. Standard 
photolithography and plasma etching processes were used to pattern an interdigitated 
electrode layout (Figure 4.1a). A co-planar electrode geometry with interdigitated 
electrodes stripes was used, with the two sets of electrodes located adjacent to each other 
(Figure 4.1a). The two sets of electrodes were connected to the high voltage and ground 
ends of a signal generator and amplifier to generate an electric field in the gap between 
adjacent electrodes (Figure 2.6). Figure 4.1b shows the cross section of the condensation 
surface. A 5 µm layer of SU-8 2005 was spin-coated on the entire surface as the EW 
dielectric. This dielectric layer is critical to the performance of EW systems, as it stores the 
electrostatic energy for droplet actuation. Finally, a 100 nm layer of Teflon was spin-coated 
to act as the hydrophobic layer.   
Next, the experimental procedure is briefly described. It is noted that the primary 
objective of this study is to investigate the influence of key EW parameters on coalescence 
of droplets (and not roll-off). The starting ensemble of droplets (to be coalesced) was 
obtained by spraying water using a commercial room humidifier on horizontally oriented 
surfaces. Droplet size distributions obtained via this procedure were reasonably consistent 
in multiple repetitions, and the mean droplet size of the initial distribution was 79 µm ± 9 
µm. It is striking to observe that the obtained droplet size distribution is similar to that 
obtained in classical dropwise condensation experiments [118]. This finding justifies the 
utility of the present approach for modeling coalescence in dropwise condensation 
situations. This approach also enables the collection of large data sets for statistical 
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analysis, noting that dropwise condensation experiments would involve much longer 
durations, and are complicated to conduct. 
Post droplet-deposition, the surface was continuously visualized using the 5X 
magnification lens of a Nikon Eclipse LV150N optical microscope. The EW field was then 
turned on for 15 seconds, during which droplet coalescence dynamics were recorded at 100 
fps. It is shown subsequently, that 15 seconds is long enough for all coalescence events to 
be completed. The droplet size distribution before and after the application of an EW field 
was compared to quantify the extent of coalescence. Post-processing involved using a 
MATLAB code to count the number and size of droplets on the surface (circle finder image 
processing script). The current software and imaging capabilities allowed the detection of 
droplets as small as 5 µm. Droplets were assumed to have a spherical cap geometry, with 
a contact angle of 120° in the absence of an EW field. Droplet radii before and after the 
application of voltage were calculated and used in the statistical analysis. 
Next, the three experimental parameters varied in this study are briefly described. 
Firstly, three different electrode geometries were characterized with electrode widths of 50 
µm, 100 µm and 200 µm; spacing between adjacent electrodes was maintained at 50 µm 
in all devices. The electrode:electrode gap ratios were thus 1, 2 and 4. These geometrical 
parameters influence the inter-electrode field and the penetration height of the electric field 
outside the surface. The second parameter varied was the applied voltage. Experiments 
were conducted at three different voltages (100 V, 200 V, 300 V). These voltages were 
higher than the threshold voltage for EW actuation, but less than the saturation voltage, as 
observed from the EW curve (Figure 4.9). The third parameter varied was the frequency of 
the applied AC waveform. Experiments were conducted at 1 Hz, 10 Hz, 50 Hz, and 1 kHz 
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as they capture various types of droplet motion (ranging from translation of droplets to 
shape variation). It is noted that all experiments were repeated 10 times. Overall, this 
procedure highlights the experimental rigor involved in this study, and the efforts to get 
sufficient data for meaningful statistical analysis. 
 
Figure 4.1. Schematic showing the arrangement of interdigitated electrodes (high voltage 
electrodes in white and ground electrodes in dark grey). (b) Cross section of 
device with droplets on top. (c) Droplet coalescence due to the influence of 
an EW field applied for 15 seconds. 
4.2 DESCRIPTION OF STATISTICAL ANALYSIS-BASED MODELING APPROACH 
The statistical analysis techniques utilized in this study have been briefly described 
in Sections 2.4. Three statistical techniques (Ridge regression, Lasso regression and 





influence of the three input parameters on droplet coalescence. After identifying the 
significant input parameters (geometry and voltage, as described ahead), the next step in 
the present work was to select a tool to accurately model and predict the relationship 
between the significant input parameters and output parameters. Since this study was about 
regression analysis, we used the Support Vector Regression (SVR) and Kernel Ridge 
Regression (KRR) methods. 
The goal of this study was to identify the relative influence of three input 
parameters on droplet coalescence; this was achieved by estimating two coalescence-
related parameters before and after the application of an EW field. The first parameter is 
the ratio of the area-averaged radius< ?̂? >=
∑ 𝑟3
∑ 𝑟2
 , after and before the application of the 
EW field. The second parameter is the ratio of the reduction in the wetted area to the initial 
wetted area. The wetted area is the fraction of the surface covered by liquid, and will reduce 
with increasing coalescence. Both these parameters (also referred to as output variables in 
the model) were estimated via image analysis after every experiment. 
The data analysis methodology adopted in this Chapter involved collecting the 
training and testing data and then preparing the data set by removing any obvious outliers. 
The data was then scaled linearly before using it in modeling algorithms. For variable 
selection a model parametric sweep was conducted to identify the best model 
hyperparameters to minimize the error between the training and testing data [112]. The 
algorithms used have been detailed in section 2.4. Once the optimized hyperparameters 
were selected, k-fold cross validation (where k=10) was conducted such that the average 
absolute error was minimized and the correlation coefficient was enhanced [106], [113]. 
The training and testing data were compared so as to minimize the root-mean-square error 
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(RMSE) and maximize the coefficient of determination (R2). It is noted that all the 
statistical analysis conducted in this work was done in Python. 
4.3 RESULTS  
The first step in our analysis involved eliminating the possibility of multi-
collinearity between input descriptors. A Pearson’s coefficient correlation was used to 
compare the correlation coefficients between the input and output variables. The three input 
variables (voltage (𝑉), frequency (𝑓) and electrode width (𝑒)) can be captured by three 
non-dimensional numbers: i) electrowetting number =
𝑽2
2𝛾𝑑
, ii) dimensionless relaxation 
time  𝜏 =
𝜎⁄
𝜔






. Here = 𝑑 0, 
where 𝑑 is the electrical permittivity of the dielectric, 0 is the electrical permittivity of 
vacuum, 𝛾 is the liquid-vapor surface tension, 𝑑 is the dielectric layer thickness, 𝜎 is the 
electrical conductivity, e is the electrode width and 𝑔 is the spacing between the electrodes. 
The two output variables are the area-weighted radius enhancement ratio 𝑅 =
?̂?𝑓
?̂?𝑖
 and the 
normalized reduction in wetted area 𝐴 =
𝐴𝑤𝑒𝑡𝑡𝑒𝑑,𝑖−𝐴𝑤𝑒𝑡𝑡𝑒𝑑,𝑓
𝐴𝑤𝑒𝑡𝑡𝑒𝑑,𝑖
. Figure 4.2 shows that all the 
input descriptors have very low statistical correlation coefficients between each other, 
indicating that they are independent of each other and that there is no multicollinearity 
between these variables. Additionally, higher correlation coefficients are seen between two 





Figure 4.2. Heat map showing Pearson’s correlation coefficients between the three input 
variables (𝜻 (𝑽), 𝑳 (𝒆), 𝝉 (𝒇)) and the two output variables, 𝑹 and 𝑨. 
The next step in the analysis was parameter selection where parameter shrinkage 
was used to identify the input parameters which dominantly influence the output 
parameters during droplet coalescence. This was implemented by employing the variable 
selection methods described in section 2.4; Ridge regression, Lasso regression and Random 
Forest importance selection. During this analysis the three non-dimensional variables were 
analyzed against the output variables and the corresponding coefficients were compared. 
Figure 4.3 shows that coefficients from both regression methods and the Random Forest 
importance assign high significance to (𝑉) and 𝐿(𝑒), indicating that both these parameters 
strongly contribute to the change in radius and wetted area. The radius ratio is found to be 
most dependent on (𝑉) and 𝐿(𝑒), which have ~50% and ~40% Random Forest 
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importance, respectively. Similarly, the reduction in wetted area also shows strong 
dependence on (𝑉) and 𝐿(𝑒). In this case,  (𝑉) has a Random Forest importance of ~65% 
indicating the change in wetted area most strongly depends on the applied voltage, 
followed by the electrode geometry, 𝐿(𝑒), which has an importance of ~35%. Importantly, 
Figure 4.3 shows that the radius ratio and reduction in wetted area are independent of 𝜏(𝑓), 
as the corresponding correlation coefficients are negligible. The correlation coefficients for 
(𝑉) and 𝐿(𝑒) are ~10X greater than that of 𝜏(𝑓) for change in radius. Lasso regression 
completely eliminates 𝜏(𝑓) as a dependent variable for the change in wetted area. Similar 
results are seen in the Random Forest classification where frequency dependence is given 
<10% of the overall importance for both output parameters. 
  
 
Figure 4.3. Parameter selection and shrinkage conducted via three different methods: a) 
Ridge regression coefficients, b) Lasso regression coefficients and c) Random 
Forest importance. Blue and purple bars indicate coefficients associated with 
the radius ratio and change in the wetted area, respectively.  
a) b) c) 
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A key conclusion from Figure 4.3 is that the AC frequency does not influence 
coalescence dynamics significantly (at least not in the currently used frequency range of 1 
Hz to 1 kHz, which is widely used in AC EW experiments). Such conclusions are 
challenging to arrive at from physics-based models, which would need to account for 
complex phenomena such as contact angle hysteresis and the electromechanical response 
of a liquid to a time varying electric field. This finding is also challenging to predict from 
high speed visualization of droplets. Indeed, Chapter 3[15] showed that the AC frequency 
strongly influences the nature of droplet motion (translation versus shape oscillation), as 
well as the orientation of droplets on the electrodes.  
The physics underlying the predicted frequency-invariance of coalescence 
dynamics can be better inferred by analyzing the temporal occurrence of coalescence 
events. Droplet coalescence is not a continuous process as clearly identified in our previous 
study on dropwise condensation [15]. Instead coalescence is observed to occur in bursts 
(reported later in this chapter), with a large number of coalescence events occurring in a 
very short time interval. Post coalescence, droplets will grow via additional condensation 
(as observed in previous studies [13], [15], [16]), leading to another ‘coalescence cascade’ 
at a later time instant. Such periodic coalescence cascades will not occur in the current 
Chapter, and only a single coalescence cascade is observed and studied (Figure 4.8). 
Coalescence parameters 𝑅 and 𝐴 depend on this cascade phenomena, which in turn depends 
on the applied voltage and device geometry, but not significantly on the AC frequency. In 
summary, the current findings indicate that while the AC frequency will influence the 
motion of individual droplets, it does not influence the collective coalescence dynamics of 
an ensemble of droplets.  
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It is noted that this finding of droplet coalescence being AC frequency-independent, 
underscores the importance of statistical analysis for such complex multi-physics 
problems. The applied voltage and electrode geometry are two parameters which strongly 
influence droplet coalescence dynamics. Additionally, this conclusion might not be 
applicable to droplet shed-off (which is not the focus of the current study), but only for 
coalescence.  
Based on the findings of the variable shrinkage analysis, we next develop a model 
to predict the radius enhancement ratio 𝑅 and normalized reduction in wetted area 𝐴, as a 
function of the applied voltage (V) and geometry (electrode width e). Both these parameters 
can be combined into a parameter similar to the EW number [17], but with the capacitance 
term modified to incorporate the electrode geometry. The modified, non-dimensional EW 





𝑉2  (4.1) 
where 𝐶 𝑤⁄  is the capacitance per unit width. For the present co-planar electrode geometry, 













− 1]  (4.2) 
Next, a statistical and data science-based model to predict the relationship between 
𝑅 and 𝐴 versus (𝑉, 𝑒), is developed. Since this is a regression-based analysis, the 
regression models SVR and KKR, described in Section 2.4, are used to compare the 
predicted values with experimental data. As an additional validation, we also consider the 
mean and standard deviation of each set of experiments, independent of the frequency, by 
fitting a probability density function (PDF) to the respective data sets. This step is 
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important as the data has scatter, especially at larger values of (𝑉, 𝑒). The error associated 
with the statistical models is detailed in Table 4.1 and Table 4.2: continued next page 
Table 4.2 for the radius enhancement ratio (𝑅) and normalized reduction in wetted 
area ratio (𝐴), respectively. The predictive accuracy of each model is evaluated by 
comparing the RMSE and R2 values between the predicted and experimental data, with 
models with low RMSE and higher R2 values representing a more favorable match.  
Table 4.1 shows the predictive accuracy of each model and the optimized 
hyperparameters used in the models to obtain the least error between the experimental and 
model data. Based on the results for radius enhancement ratio as a function of (𝑉, 𝑒) 
(Table 4.1), the first important observation is that the data follows a linear trend. This is 
concluded because the linear regression fit shows higher accuracy when compared to the 
polynomial curve fits. Following this observation, the linear kernel and the rbf kernel are 
used in the statistical models. When comparing the predictive accuracy of the two kernel 
methods, the linear kernel shows a lower RMSE and higher R2 for both methods, implying 
that the linear kernel can more accurately capture the trend between (𝑉, 𝑒) and 𝑅. The rbf 
kernel models attempt to follow the highest probability density in the data at each point 
with respect to (𝑉, 𝑒), and can compromise the accuracy with the entire data set. 
Additionally, the ε value for the linear fit is several orders of magnitude less than the 
optimized rbf model indicating that the margin within which error can exist is much less. 
In the KRR model small positive values of α improve the conditioning of the problem and 
reduce the variance of the estimates. Overall, the lowest RMSE and highest accuracy 
corresponds to the SVR model with the linear kernel, which shows the best match with 







Linear Regression  1.14 0.72 
Poly. Reg, degree 2  1.25 0.69 
Poly. Reg, degree 3  1.48 0.63 
SVR - Linear ε: 1e-5, C: 1e3 1.12 0.72 
SVR - RBF ε: 1, C: 125 1.89 0.53 
KRR - Linear α: 10, γ: 1 1.31 0.73 
KRR - RBF α: 10, γ: 0.5 1.56 0.63 
Table 4.1.Compilation of errors (in the form of RMS and R2 values) for various models 
predicting the radius enhancement ratio of coalescing droplets. The table also 
includes optimized hyperparameters that result in the best fit between model 
and data. 
Based on the results for normalized reduction in wetted area as a function of (𝑉, 𝑒) (Table 
4.2: continued next page 
Table 4.2), it is seen that 2nd and 3rd degree polynomial curves are a better fit compared to 
a linear model (based on the resulting RMSE and R2 values). Polynomial fits with greater 
than 3rd order did not show any improvement in accuracy. Hence, the statistical models 
compare the rbf kernels with 2nd and 3rd degree polynomial kernels. When comparing the 
predictive accuracy of the two statistical models, Table 4.2: continued next page 
Table 4.2 shows that KRR performs significantly better than the SVR model. 
Although the SVR model used with the rbf kernel has a low RMSE, the two polynomial 
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kernels show poor agreement with the experimental data. Alternatively, the KRR model 
shows good accuracy with low RMSE and high R2 values for all kernel types. The best 
predictability is seen with the KRR model using the 2nd degree polynomial kernel. Overall, 
the rbf kernels perform well with both models, however, the KRR model shows the most 
consistent predictive accuracy for different kernel types. It is important to note that errors 
associated with linear regression and polynomial regression (degree 2) for radius 
enhancement ratio and wetted are reduction, respectively, are comparable to the machine 
learning algorithms that give the greatest predictive accuracy. This indicates that although 
using machine learning tools provide insight into modeling these coalescence systems, 
similar analysis can be conducted using linear regression and polynomial regression.  
 
  Optimized 
hyperparameters 
RMSE R2 
Linear Regression  0.018 0.65 
Poly Reg, degree 2  0.014 0.73 
Poly Reg, degree 3  0.014 0.71 
SVR - RBF ε: 0.1, C: 5 0.019 0.61 
SVR - Poly Reg, degree 2 ε: 10, C: 0.01 0.055 0.36 
SVR - Poly Reg, degree 3 ε: 50, C: 0.01 0.055 0.36 
KRR - RBF α: 2.5, γ: 0.25 0.014 0.71 
KRR - Poly Reg, degree 2 α: 500, γ: 50000 0.015 0.74 
KRR - Poly Reg, degree 3 α: 5, γ: 5 0.014 0.72 
Table 4.2: continued next page 
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Table 4.2. Compilation of errors (in the form of RMS and R2 values) for various models 
predicting the wetted area reduction ratio of coalescing droplets. The table 
also includes optimized hyperparameters that result in the best fit between 
model and data. 
Figure 4.4 shows the experimental data points, mean (𝜇) values from experimental 
data, and the model predictions for 𝑅 as a function of (𝑉, 𝑒). Similar to results in Table 
4.1, the model agrees best with a linear trend in the data, whereas the polynomial curve fit 
deviates from the data set. Both models with the linear kernel follow the data trend well; 
however, a deviation is seen with the SVR model using the rbf kernel. The SVR model 
with the linear regression kernel (Figure 4.4d) predicts the linear trend in the data 
reasonably well. Extrapolating the model to (𝑉, 𝑒) = 0 (no electric field) yields 𝑅~1 
implying no change in droplet radii (as expected). 




Figure 4.4. Comparing experimental data (yellow), mean values of experimental data 
(blue) and statistical model predictions (red) for R versus 𝜼(𝑽, 𝒆) using a) 
linear regression curve fit, b) 2nd order polynomial regression curve fit, c) 3rd 
order polynomial curve fit, d) SVR with linear kernel, e) SVR with rbf kernel, 





Figure 4.5 shows the experimental data points, mean values (𝜇) from experimental 
data set and the model predictions for 𝐴 as a function of (𝑉, 𝑒). All models (except the 
SVR model with the polynomial fits) match well with the experimental data. All the KRR 
models match well with the dome shaped curve which peaks at (𝑉, 𝑒)~1.75. From these 
models, the experimental data for normalized reduction in wetted area compared to the 
KRR with second order polynomial kernel (Figure 4.5h) show a good match between 
model and experiments, as captured by the low RMSE and high R2 values. Again, 





Figure 4.5. Comparing experimental data (yellow), mean values of experimental data 
(blue) and statistical model predictions (red) for A versus 𝜼(𝑽, 𝒆) using a) 
linear regression curve fit, b) 2nd order polynomial regression curve fit, c) 3rd 
order polynomial curve fit, d) SVR with rbf kernel, e) SVR with 2nd order 
polynomial kernel, f) SVR with 3rd order polynomial kernel, g) KRR with rbf 
kernel, h) KRR with 2nd order polynomial kernel, i) KRR with 3rd order 
polynomial kernel. 
a) b) c) 
d) e) f) 
g) h) i) 
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The predictions of statistical modeling, as captured in Figure 4.4d, indicate that the 
radius ratio, 𝑅 linearly increases with (𝑉, 𝑒) with a gradient of 2.5. This implies that if an 
electric field is provided such that (𝑉, 𝑒) = 2, the initial average radius in the distribution 
will increase by 5X. The reduction in wetted area does not follow a linear trend (Figure 
4.5h), and the model can estimate the electric field to maximize the reduction in wetted 
area. Figure 4.5h shows (𝑉, 𝑒)~1.75 yields the maximum reduction in wetted area of 
~70%. The utility of this model lies in the ability to predict the electric field, (captured via 
(𝑉, 𝑒)), required to yield a desired droplet size distribution from an initial distribution. As 
an illustration, a 2X increase in average droplet radius would require an electric field 
corresponding to (𝑉, 𝑒) = 0.75 (based on the reference given in Figure 4.4d). 
An examination of Figure 4.4 also shows that the data has scatter which can be 
attributed to a combination of experimental uncertainty and the stochastic nature of 
coalescence dynamics under electric fields. Additionally, the scatter increases at higher 
values of (𝑉, 𝑒), which can be attributed to contact angle saturation, whereby the droplet 
stops responding to the electric field [17], [18]. Even with the scatter in Figure 4.4 and 
Figure 4.5, there is a clear trend showing the influence of (𝑉, 𝑒) on the radius ratio 
enhancement and the normalized reduction in wetted area, respectively.  It is reiterated that 
both these variables quantify droplet coalescence and the resulting change in the droplet 
size distribution upon the application of an EW field. 
Figure 4.4 and Figure 4.5 quantify the influence of (𝑉, 𝑒) on 𝑅 and 𝐴, respectively, 
which are directly related to the droplet size distribution. We can also quantify the influence 
of (𝑉, 𝑒) on droplet size distribution further by analyzing the influence of the EW field 
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on the spread of the droplet size distribution. The spread is defined as the ratio of the 







  (4.3) 
A large value of 𝑆𝑖 indicates that a wide range of droplet sizes exist relative to 𝑅?̂?, whereas 
a smaller value of 𝑆𝑖 indicates that most of the droplets are of similar size to 𝑅?̂?. The change 
in 𝑆𝑖 before and after the application of the EW field is quantified as: 
𝑆 = 𝑆𝐹/𝑆𝐼  (4.4) 
where 𝑆𝐹 and 𝑆𝐼 are the final and initial distribution spreads, respectively. Figure 4.6 shows 
the change in 𝑆 as a function of (𝑉, 𝑒). For small values of (𝑉, 𝑒), the change in the 
distribution spread is negligible (𝑆~1). However, after (𝑉, 𝑒) = 0.75, the change in the 
spread shrinks by ~50%, indicating that the distribution of droplets reduces significantly 
and many droplets are closer in size to the mean radius. The spread ratio maintains this 
trend for larger values of (𝑉, 𝑒). Combining this information with the results depicted in 
Figure 4.4 and Figure 4.5 makes it clear that an increase in (𝑉, 𝑒) will not only increase 
the droplet size and reduce the wetted area, but also narrow the droplet size distribution, 




Figure 4.6. Change in the spread in droplet size distribution versus 𝜼(𝑽, 𝒆). 
4.4 DISCUSSIONS 
We now discuss the transients associated with EW-induced droplet coalescence, 
noting that the models depicted in Figure 4.4, Figure 4.5 and Figure 4.6 shows the overall 
change in droplet coalescence parameters. The time-dependent average radius after 
applying the EW voltage was estimated via the image analysis procedure described 
previously. Parameter shrinkage analysis using Ridge regression and Lasso regression was 
conducted to identify the variables which contribute most significantly to the transient 
change in radius. The variables analyzed were the applied voltage (𝑉), AC frequency (𝑓), 
electrode geometry (electrode width (𝑒)), and the time (𝑡).  Figure 4.7 shows the results 
from Ridge regression and Lasso regression-based parameter shrinkage analysis. The 
results show that there are strong correlations between the change in radius 𝑅 and the 
voltage, electrode width and time. AC frequency has the lowest correlation coefficient 
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(10X smaller than other coefficients). This again leads to the conclusion that AC frequency 
has a negligible influence on droplet coalescence dynamics. 
 
Figure 4.7. Parameter selection and shrinkage conducted using Ridge regression (blue) and 
Lasso regression (purple) to quantify the influence of various parameters on 
transient change in radius. 
Figure 4.8 shows the voltage-dependent, transient, radius enhancement ratio for 
three different electrode geometries. As expected, the radius increases faster at higher 
voltages due to larger electrostatic forces to promote coalescence. Additionally, a large 
jump in radius ratio from 100 V (threshold voltage) to 200 V is observed. Larger electrode 
widths also show a greater increase in radius. The 50 µm electrode width geometry enables 
a maximum radius enhancement ratio of 𝑅~3, whereas the 200 µm electrode width 
geometry enables an enhancement of 𝑅 = 5.5-6. It is also noted that most of the 
coalescence events occur in the first 5 seconds after the field is applied, after which the 
average radius generally plateaus out. Such a coalescence cascade was also reported in 
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other recent studies [12], [15]. This finding also justifies our use of a 15 second interval to 
quantify the influence of EW fields on coalescence dynamics.  
 
Figure 4.8. Transient change in radius enhancement ratio R for a period of 15 seconds after 
the application of EW voltages on devices with electrode widths a) 50 μm, b) 
100 μm and c) 200 μm. Most coalescence events occur immediately after the 
application of an EW field leading to a coalescence cascade. 
Next, we discuss the physics underlying the observed dependence of coalescence 
parameters on the applied voltage (𝑉) and electrode geometry (captured by electrode width 
(𝑒)). The observed data and the models show that higher voltages and higher electrode 
widths enhance droplet coalescence. This can be explained by considering the 
electrowetting curve (contact angle (CA) versus voltage) for sessile water droplets [17], 
[18]. Figure 4.9 shows the electrowetting curves for two different electrode widths as 
obtained from the Young-Lippman equation (Equation 2.3) and via experiments with 
sessile water droplets. As expected, droplets spread with increasing voltage till the onset 
a) b) c) 
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of CA saturation [12]. Additionally, Figure 4.9 shows that a larger electrode width yields 
a larger change in CA for a specified voltage; this is directly related to the increased 
capacitance associated with the larger electrode width as quantified in Equation 2.5. [79]. 
Since droplet spreading ultimately leads to droplet coalescence, the radius enhancement 
ratio is expected to increase with higher voltages and electrode widths. Similarly, the 
reduction in wetted area also increases with an increase in the voltage and electrode width. 
However, the reduction in wetted area ratio reaches a plateau, as per Figure 4.5, even 
though the radius enhancement ratio is increasing. This can be explained by the CA 
saturation phenomena, wherein the wetted area becomes independent of the applied voltage 
above a certain applied voltage. 
 
Figure 4.9. Electrowetting curve showing the change in contact angle with applied voltage 
for two electrode widths. 
Finally, the utility of this study for condensation heat transfer is briefly discussed. 
There are a few recent studies [12]–[14] on EW enhanced droplet condensation, which 
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involve condensation occurring under a continuously applied electric field. A continuous 
electric field is not a strict requirement; periodically applied electric fields can also result 
in significant enhancement in condensation [16]. This study will directly benefit any such 
‘electrical intervention’ strategies to enhance dropwise condensation. The output 
parameters tracked in this study are critical to overall performance. The growth rate of 
droplets via coalescence is significant since the enhancement mechanism is about 
reorganizing the condensate into high volume droplets that can then shed-off. The droplet 
size is also a critical parameter in the estimation of the thermal resistance associated with 
heat transfer [5]. The reduction in wetted area determines the rate at which condensation 
will reoccur on the surface. Overall, this study represents a new approach to predicting the 
performance of EW-enhanced dropwise condensation. This study can benefit other 
applications which rely on droplet manipulation via EW like anti-fouling or self-cleaning 
[23].  
4.5 CONCLUSIONS 
This is the first reported study of EW-induced droplet coalescence, which uses 
machine learning-based statistical algorithms to develop predictive models using 
experimental data. The attractiveness of this approach lies in the challenges involved in 
developing accurate physics-based models for complex microfluidic systems. Importantly, 
this approach leverages the large amount of data available in condensation experiments 
(via tracking a multitude of droplets). The developed models predict the change in droplet 
radius and wetted fractions as a function of the applied voltage and electrode geometry. 
Importantly, they can provide additional physics-based insights that would be challenging 
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to infer otherwise, such as droplet coalescence being independent of the AC frequency. It 
is important to note that while this analysis involves the use of statistical techniques, it is 
grounded in the basic physics associated with EW. Overall, this chapter presents a data 
science-based statistical model as a reference tool to predict droplet coalescence dynamics 





Chapter 5: AC electrowetting promoted droplet shedding on 
hydrophobic surfaces 
While several phenomena (droplet growth, coalescence, shedding) are important in 
dropwise condensation, the key benefit of dropwise condensation is a result of droplet 
shedding, which exposes fresh areas for re-nucleation, and prevents the formation of a 
continuous liquid film. The objective of electrowetting (EW)-accelerated condensation is 
to move the condensed liquid into a more favorable state for removal by coalescing droplets 
to make them large enough for gravity-assisted removal. Under an EW field, coalescence 
of a distribution of droplets is not continuous. Rather, coalescence occurs in cascades, 
wherein droplets coalesce rapidly in a short time interval, followed by a relatively quiet 
phase (no coalescence), till the droplets grow large enough for the next coalescence 
cascade. These observations suggest that a continuous EW field is not a strict necessity, 
and periodic EW fields can be effective in removing condensate; this premise is studied in 
the present chapter. 
This chapter studies the physics underlying EW-induced shedding of droplets on a 
hydrophobic surface. It is seen that while the applied voltage influences the extent of 
droplet shedding, the rate of droplet shedding is influenced by the AC frequency. We see 
that surfaces can be significantly de-wetted (> 90% dry) in less than a second. Importantly, 
the measured water removal rates under EW fields are higher than typical dropwise 
condensation rates by >100X. It is noted that this chapter focuses on droplet shedding only, 
and that the results are applicable even for non-condensation environments. 
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5.1 EXPERIMENTAL PROCEDURES  
Device fabrication and the experimental procedure is briefly described ahead. 
Indium Tin Oxide (ITO) coated glass slides were used as the substrate. Photolithography 
and plasma etching were used to pattern ITO into two sets of interdigitated electrodes, 
shown in Figure 5.1 (detailed fabrication method provided in Section 3.1). These were 
connected to the high voltage and ground ends of a signal generator and amplifier to 
generate an electric field in the gap between electrodes (Figure 5.1b). A 5 µm layer of SU-
8 was spin-coated as the EW dielectric, followed by spin coating of a 100 nm layer of 
Teflon for hydrophobicity.  
The starting ensemble of droplets (to be shed off) was obtained by spraying water 
on vertically oriented devices using a commercial humidifier. Droplet size distributions 
obtained were reasonably consistent (average droplet radius was ~150 µm ± 50 µm). It is 
striking to observe that the obtained distribution is similar to that obtained in classical 
dropwise condensation experiments[118]. This justifies the translation of present results to 
dropwise condensation applications. Post droplet-deposition, the surface was visualized 
using a stereoscope. The EW field was then turned on for 30 seconds, during which most 
of the water shed off the surface. Individual droplets were tracked using a MATLAB circle 
finder code.  
Three experimental parameters were varied presently. Firstly, three different 
electrode geometries were used with electrode widths of 50 µm, 100 µm and 200 µm; 
spacing between electrodes was 50 µm in all devices. These two parameters influence the 
electric field and the penetration height of the electric field outside the surface. The second 
parameter was the applied voltage, with experiments conducted at 175 V, 200 V and 300 
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V. This voltage range was selected to be above the threshold voltage (when droplet 
shedding is first observed), and the saturation voltage (contact angle stops responding to 
voltage[17], [18]). The third parameter was the frequency of the applied AC waveform. 
Experiments were conducted at 1 Hz, 10 Hz, and 1 kHz; together this frequency range 
accounts for various types of fluid motion (ranging from droplet translation to shape 
oscillation). All experiments were repeated 5 times. The applied voltage and geometry 




 where 𝑉 is the voltage and 𝑑 is the equivalent thickness of the dielectric layer 
(obtained by fitting the measured change in contact angle to the Lippman’s curve). 
     
Figure 5.1. Schematic showing the arrangement of interdigitated electrodes. (b) Cross-
section of device showing electric field lines.  
5.2 EXPERIMENTAL RESULTS- DROPLET ROLL-OFF DYNAMICS 
Figure 5.2 shows EW-induced droplet shedding at different frequencies, voltage and 
electrode geometries. The extent of droplet shedding is quantified by the dry area fraction 




𝛤 = 𝐴𝑑𝑟𝑦/𝐴𝑡𝑜𝑡𝑎𝑙  (5.1) 
𝛤 is estimated via image analysis, and represents the fraction of the surface not covered 
with water. It is noted that a threshold voltage is needed to electrically actuate droplets. In 
this study we define the threshold voltage as the voltage which increases Γ by 20%. For 
the 50 µm, 100 µm and 200 µm devices, the threshold voltages were 175V, 135V and 
130V, respectively. Figure 5.2 shows that for a 175 V, 1 Hz waveform, 𝛤 increases from 
45% to 70%. Importantly, at higher frequencies, almost the entire surface is water-free; 
175 V, 1 kHz increases 𝛤 from 43% to 92%. Additionally, at highest applied voltage (300 
V) and largest electrode width (200 µm), 𝛤 increases from 45% to 98%, which is the 
highest achieved dry area fraction in the configurations used in this study. 
 
Figure 5.2: continued next page 
a) b) c) d) 
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Figure 5.2 EW-induced droplet shedding at a) 175 V, 1 Hz on 100 μm electrode width 
device, b) 175 V, 10 Hz on 100 μm electrode width device, c) 175 V, 1 kHz 
on 100 μm electrode width device, and d) 300 V, 10 Hz on 200 μm electrode 
width device. The top images show the surface before voltage is applied and 
the bottom images show the surface 30 seconds after the voltage is applied.  
The physics underlying droplet coalescence and shedding is related to the reduction 
in contact angles as per the Young-Lippman equation (Equation 2.3) [17], [18] and the 
rearrangement of droplets on energy minima positions on the surface[12], [15]. Figure 4.9 
shows the change in contact angle as a function of applied voltage and electrode width, 
based on the modified capacitance term in the Lippmann’s equation (Equation 2.5). The 
contact angle reduces till contact angle saturation is reached (~300V), after which the 
contact angle no longer changes with the applied voltage [17]. Figure 4.9 also shows that 
for a larger electrode width, there is a larger change in contact angle [79]. In the present 
droplet shedding experiments, the reduction in contact angle leads to the droplet spreading 
out (in addition to physically moving) and coalescing with neighboring droplets. This leads 
to droplet growth and eventual shedding.  
Under AC electric fields, the nature of droplet motion depends on the AC 
frequency[15], [69]. At low frequencies (frequency < charge relaxation time), droplets will 
mechanically oscillate in response to the sinusoidal field [69]. At frequencies greater than 
the charge relaxation time, the droplet cannot mechanically respond to the changing field; 
instead convection occurs internally[65], [69]. All types of droplet motion leads to droplet 
coalescence, growth and eventual shedding. A deeper understanding of this can be gained 
by high speed visualization of droplet motion, coalescence and shedding. Figure 5.3 shows 
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a frame illustrating the influence of three different frequencies, 1 Hz, 10 Hz and 1 kHz on 
a distribution of droplets when the electric field is first applied. At 1 Hz, the droplets begin 
to slowly move to surface energy minima as the field increases according to the sinusoidal 
wave form, causing coalescence events. At such low frequencies, droplets maintain their 
stable location for longer, resulting in slower and less frequent coalescence events. At 10 
Hz, similar droplet motion and coalescence events occur, but ~ 10X more often per cycle 
than at 1 Hz frequency, resulting in faster de-wetting. At 1 kHz, all droplets immediately 
move to the surface energy minima causing an instant coalescence cascade. Additionally, 
as the AC frequency is higher than the droplet mechanical response time, the droplet does 
not translate with the alternating field; instead internal mixing occurs within the droplet. 
The application of an AC field will also oscillate and perturb the three-phase contact line, 
depinning the droplets from the surface, further assisting shedding. Figure 5.3 clearly 
shows that 1 kHz has the maximum number of coalescence events for a given time, 
followed by 10 Hz and 1 Hz.  
 
Figure 5.3. AC frequency dependent droplet coalescence dynamics at 300V on devices 
with electrode width of 200 μm.  
a) b) c) 
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Figure 5.4 shows the influence of voltage and frequency on 𝛤 for the three devices. 
The bottom of the vertical bar shows the initial 𝛤 (𝛤𝑡=0𝑠) and the top shows the 𝛤 after the 
experiment (𝛤𝑡=30𝑠). Figure 5.4 offers several insights into the underlying physical 
mechanisms. Firstly, very high 𝛤 (> 90%) is obtained at 300 V for all devices; Figure 5.4 
shows that almost the entire surface is water-free, with Γ=98%. In general, 𝛤 increases with 
voltage, and with larger electrode widths. For electric fields with voltages >200V and 
electrode:electrode gap ratios >2 (~9 V/µm), the final Γ was always >85%. Achieving such 
high values of 𝛤 is challenging without the use of superhydrophobic surfaces[23]. 
Secondly, 𝛤 increases rapidly above the threshold voltage. This is most clearly obvious for 
the 50 µm device, where the 𝛤 is noticeably higher at 200 V, compared to the threshold 
voltage of 175 V. This is further confirmed from the results of the 100 µm and 200 µm 
devices, which do not show a large difference in Γ between 200 V and 300 V, noting that 
the threshold voltages for these devices are 135 and 130 V respectively. Importantly, these 
findings show that significant water shedding can be achieved, without needing to use 
voltages significantly higher than the threshold voltage. Thirdly, the frequency of the AC 
waveform does not influence Γ at voltages significantly above the threshold voltage; this is 
observed for all devices. It is noted that the frequency influences Γ only near threshold 
voltages, with increasing frequencies resulting in higher Γ'’s. Overall, these findings show 
that while the frequency determines the nature of droplet motion, it does not strongly 





Figure 5.4 Change in dry area fraction due to an EW field on devices with electrode widths 
of a) 50 μm, b) 100 μm and c) 200 μm. Highest dry area fraction obtained in 
this study was 98% at 300 V, 10 Hz on the device with 200 μm electrode 
width. 
A deeper understanding of these trends can be gained from evaluating the transient 
evolution of the dry area fraction. Figure 5.5 shows the transient evolution of dry area 
fraction (𝛤) as a function of voltage, electrode width (top to bottom) and AC frequency 
(left to right). For weak electric fields corresponding to the threshold voltage the final 𝛤 
changes minimally, such that only a 25% increase in 𝛤 occurs at the end of 30 seconds (top 
left). Above the threshold voltage, the final 𝛤 is greater than >85%. At the highest electric 




Figure 5.5 Transient evolution of dry area fraction as a function of voltage, electrode width 
(top to bottom) and AC frequency (left to right). Light blue line represents 
experiments with horizontally oriented electrodes with 200 μm electrode 
width, 300 V 
The influence of electrode width and frequency on transient 𝛤 can be observed more 
clearly at voltages close to the threshold voltage, as seen in Figure 5.6. At larger electrode 
widths (or larger electrode:electrode gap ratios, where electrode gap is 50 μm) the final 𝛤 
increases, such that there is ~80% increase in the final 𝛤 when the electrode:electrode gap 
ratios increases from 1 to 4. This can be attributed to the increased electric field for larger 
electrode widths. The influence of frequency on final 𝛤 is more clear at lower voltages. At 
1 Hz, the smallest increase in 𝛤 is seen, whereas at 10 Hz, the largest increase in 𝛤 is seen, 
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for all electrode widths. However, as the electric field (or electrode width) increases, the 
influence of frequency on the final 𝛤 is reduced.  
 
 
Figure 5.6 Transient evolution of dry area fraction at 175 V, as a function of electrode 
width and frequency. 
In addition to the change in 𝛤, the rate at which 𝛤 changes is important for 
applications that require rapid water removal (eg. windshields). In Figure 5.5 and Figure 
5.6, the 200 µm device sees a 𝛤 > 90%, whereas the 50 µm device only sees 𝛤 ~70%. This 
again shows the influence of the electric field (highest for 200 µm device) on droplet 
shedding. 
Significant physical insights can be obtained by using the data in Figure 5.5 to 
define a de-wetting time constant 𝜏; this is a measure of the time taken to reach the steady 
state 𝛤. This definition is inspired by comparison with physical systems which involve 





= 1 − exp (−
𝑡
𝜏
)  (5.2) 
where 𝛤0 is the initial Γ. The steady state is defined as that corresponding to 𝑡 = 4𝜏. 
Physically, 𝜏 represents the speed at which the surface is de-wetted, and is an important 
parameter for systems with transient EW fields.   
 
Figure 5.7 Time constant as a function of AC frequency and electric field.  
Figure 5.7 shows the frequency-dependent time constant for different devices. At 
low frequency (1 Hz), the time constant is >4 seconds. At such frequencies, the droplet 
mechanically responds to the electric field by shape oscillations and translation. At higher 
frequencies, (1 kHz) the time constant is <1 second. Such frequencies are higher than the 
charge relaxation time, and no macroscopic droplet motion is observed after droplets reach 
the energy minima positions. However, the coalescence cascade[12], [15] setup at such 
frequencies is stronger than the one in the low frequency case, which causes rapid surface 
cleaning. High speed visualization clearly shows that 1 kHz has the maximum number of 
coalescence events, followed by 10 Hz and 1 Hz. It is noted that the time constant is 
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independent of the final 𝛤. In summary, while Γ is predominantly determined by the 
voltage, the time required to reach Γ is strongly influenced by the frequency. Additionally, 
Figure 5.7 shows that 𝜏 generally decreases with increasing electric field within each 
frequency bin. For the case of 10 Hz, at the lower range of electric fields (<8 V/μm), the 
time constant is ~2X higher than the time constant in the higher range of electric fields 
(>12 V/μm).  
It is noted that the electrode orientation plays a notable role in droplet removal. In 
all the experiments reported so far, the electrodes were vertically oriented (with respect to 
gravity). For the combination of device and waveform (200 μm electrode width, 300 V at 
10 Hz and 1 kHz) that resulted in the highest Γ, additional experiments were conducted 
with horizontally oriented electrodes. The measured Γ is 4% and 16% less than the 
vertically oriented electrodes for 10 Hz and 1 kHz, respectively. This can be attributed to 
electrostatic pinning of droplets on electrodes as droplets move across electrodes (in the 
horizontal electrode configuration). In contrast, for vertically oriented electrodes, the 
droplets remain on the same set of electrodes as they slide down, which reduces pinning. 
5.3 ELECTRIC FIELD ASSISTED MASS REMOVAL  
The above findings highlight the rapid removal of water immediately after the 
application of an EW field; this suggests benefits in using periodic EW fields as opposed 
to continuous fields. It is insightful to compare the presently obtained mass removal rates 
with mass removal rates resulting from continuous EW fields and those achieved during 
classical steady state condensation. Figure 5.8 provides such a comparison and shows the 
mass flux versus the electric field. Mass flux in the present study was estimated via image 
analysis over the duration 4𝜏. Figure 5.8 also includes condensation rate measurements 
(80% relative humidity) under a continuous electric field using the procedure detailed in 
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Chapter 3 [15]. Additionally, steady state condensation rates from two other studies are 
also included[3], [23].  
The presently obtained mass removal fluxes are 200-400X higher than condensation 
rates for continuous electric fields. They are two orders of magnitude higher than those 
achieved in the absence of an EW field. These numbers suggest that waiting for droplets 
to grow and then applying an electric field might result in higher overall condensation rates; 
however more detailed studies are needed to validate this hypothesis. Figure 5.8 also shows 
that the mass flux increases with the electric field, which is a consequence of a higher 𝛤. 
Higher mass fluxes are obtained at 1 kHz as compared to 1 Hz; this can be attributed to the 
smaller time constants at 1 kHz.  
  
Figure 5.8 Mass flux from the present work compared to steady state condensation mass 
flux under i) continuous electric fields, and ii) no electric fields[3], [23]. 
Fundamentally, the mass removal flux can be estimated via scaling analysis from 
knowledge of the change in dry area fraction and time constant. A control volume can be 
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defined around a single droplet on the surface (Figure 5.9) and the change in mass within 
the control volume can be estimated as detailed ahead.  
 
Figure 5.9 Control volume showing a sessile droplet on the surface. 
A droplet of radius 𝑟 and area 𝐴 = 𝜋𝑟2 resides within an area 𝐴0 (within the control 
volume). The corresponding wetted area is 𝑎𝑤 = 𝐴 𝐴0⁄ =
𝜋𝑟2
𝐴0
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   (5.7) 
where the change in dry area fraction is ∆𝑎𝑤 = 𝑎𝑤(𝑡 = 0) − 𝑎𝑤(𝑡 = 4𝜏) 
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 Mass flux based on the above analysis can be calculated from the change in dry 
area fraction and time constant, which are directly related to the electric field (voltage and 
electrode width) and frequency, respectively. The advantage of this approach is that the 
two parameters, 𝛤 and 𝜏 can be easily evaluated via image analysis. This modeled mass 
flux (Equation 5.7) is compared with the experimental data to verify the utility of this 
analysis (Figure 5.10). It is seen that the analytical model shows a very reasonable match 
(maximum difference of 30%) with experimental measurements of mass removal fluxes, 
thereby highlighting the utility of this simple model.  
 
Figure 5.10 Comparison of analytical model with experimentally estimated mass fluxes. 
Additionally, the mass removal flux can be modeled using a force balance including 
effects of gravity, surface tension and electrical forces. Figure 4.9 can be used to derive a 
relationship for the change in wettability based on the electric field, which will cause 




In conclusion, this chapter provides a deeper understanding of the fundamentals 
underlying EW-induced droplet shedding on hydrophobic surfaces. Experiments track the 
shedding of an ensemble of water droplets under the influence of EW fields, with three 
parameters being varied (voltage, AC frequency and device geometry). Significant 
physical insights into EW-induced droplet shedding are obtained. Firstly, EW enables 
almost complete removal of water (dry area fraction> 95%) in very short time durations (~ 
1 second). Secondly, while the dry area fraction does depend on the applied voltage, 
significant water shedding can be achieved without needing to apply voltages significantly 
higher than the threshold voltage. Thirdly, the frequency of the AC waveform does not 
influence the dry area fraction for voltages above the threshold voltage; however the time 
required to shed droplets strongly depends on the AC frequency. Fourthly, the orientation 
of the device influences water removal due to electrostatic pinning of the droplets. Finally, 
the measured water removal mass fluxes immediately after the application of an electric 
field are two orders of magnitude higher than those achieved previously; this highlights the 
benefits of periodic EW fields as opposed to continuous EW fields. Overall, these results 
suggest that the combination of electrowetting and hydrophobic surfaces can give 
performance enhancements similar to those achieved by superhydrophobic surfaces.  
99 
 
Chapter 6: Characterization of oscillation amplitude of contact angle 
during AC electrowetting of water droplets 
This chapter presents a study of AC voltage and frequency dependent oscillations 
of an electrowetted water droplet on a macroscopically smooth hydrophobic surface. We 
introduce a new technique to analyze droplet oscillations, which involves characterization 
of the contact angle oscillation amplitude (CAOA), instead of tracking transient CAs. It is 
shown that this methodology can be used to develop an experimentally validated, 
fundamentals-based equation to predict voltage and frequency-dependent CAOA, which is 
analogous to the Lippman’s equation for predicting voltage-dependent CA. It is seen that 
this approach can help estimate the threshold voltage more accurately, than from 
experimental measurements of CA change. Additionally, we use a coplanar electrode 
configuration with high voltage and ground electrodes arranged on the substrate. This 
configuration eliminates measurement artefacts in the traditional EW configuration 
associated with a wire electrode protruding into the droplet. An interesting consequence of 
this configuration is that the system capacitance is reduced substantially, compared to the 
classical configuration. The coplanar electrode configuration shows a reduced rate of CA 
change with voltage, thereby increasing the voltage range over which the CA can be 
modulated. The understanding gained about droplet oscillation dynamics through this 
study can be used to explain droplet dynamics reported in previous chapters.  
6.1 PROCEDURE FOR EXPERIMENTS AND ANALYSIS 
For the experimental set up, coplanar electrode-based EW devices were fabricated 
using photolithographic methods on an Indium Tin Oxide (ITO) coated glass slide [15]; 
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the detailed fabrication procedure described in Chapter 3. A schematic of the arrangement 
of interdigitated electrodes is shown in Figure 6.1. The electrode width and the spacing 
between the electrodes (electrode gap) were 50 µm, each. The active electrode area was 
coated with a 2 µm layer of Parylene C (EW dielectric layer), via room temperature vapor 
deposition. The devices were then spin coated with a thin (~100 nm) layer of Teflon AF to 
increase the initial CA of the droplet and reduce friction at the triple-phase contact line.  
Droplet oscillation experiments were conducted by placing a 5 µl droplet of 
deionized water on the substrate. It is noted that a droplet of this volume covered between 
17-20 sets of electrodes (set of electrodes includes two electrodes and two electrode gaps, 
i.e. a total of 200 µm). CA measurements were conducted via side view visualization at 
upto 210 FPS using a goniometer (Biolin Scientific Theta).  
 
Figure 6.1. (a) Schematic showing the arrangement of interdigitated electrodes (high 




Experiments involved visualization of droplet oscillations under the influence of 
AC electric fields, with the electric field lines directed from the high voltage electrode to 
the ground electrode, shown in Figure 2.6. CAs during oscillation were measured as a 
function of the applied voltage and frequency. For a specified AC frequency, the voltage 
was changed incrementally, with each voltage level held for 10 seconds during which the 
CA was recorded. The final reported CAs are an average of four experiments. 
When studying the influence of AC frequency on EW, existing studies analyze the 
transient CA and transient contact radius to quantify droplet oscillation. Alternatively, in 
this study we quantify droplet oscillation dynamics under an AC electric field by measuring 
the contact angle oscillation amplitude (CAOA). The CAOA is defined as the difference 
between the cosine of the minimum (𝑐𝑜𝑠 𝑚𝑖𝑛) and maximum (𝑐𝑜𝑠 𝑚𝑎𝑥) contact angle as 
the droplet oscillates under a specified voltage and frequency. Mathematically, CAOA is: 
∆𝑐𝑜𝑠 = 𝑐𝑜𝑠 𝑚𝑖𝑛 − 𝑐𝑜𝑠 𝑚𝑎𝑥 (6.1) 
The minimum and maximum contact angle is obtained from the transient oscillatory 
cycle, as shown in Figure 6.2c. The minimum angle corresponds to maximum droplet 
spreading as seen in Figure 6.2a. The maximum angle corresponds to the droplets attempts 
to revert back to its no-voltage CA, as seen in Figure 6.2b. Droplets cycle between these 
two states, at a frequency twice that of the applied AC frequency (noting that the EW force 
does not depend on polarity of the electrodes). The magnitude of the CAOA determines 
the extent of droplet oscillations and its response to the voltage and frequency of the applied 
AC waveform. It should be noted that the CAOA is a measure of droplet oscillations and 




Figure 6.2. a) Minimum, and b) maximum contact angles of water droplets during 
oscillations under a 200 Vrms, 1 Hz applied AC waveform. c) shows the 
transient variation in contact angles. 
6.2 MODELING DROPLET OSCILLATION DYNAMICS AND RESULTS 
This section details the physics-based model developed to predict the response of a 
droplet to AC electric fields. Firstly, it is noted that capacitance term in Lippman’s equation 
(Equation 2.3) should be modified to account for the non-traditional electrode geometry. 
In the traditional EW configuration [17], [18], [68], [119], the electric field lines inside the 
dielectric layer are oriented normal to the plane of the layer, and the dielectric can be 






accurately estimated as 𝐶𝑝𝑝 =
0 𝑑
𝑑
,  where 0 is the electrical permittivity of free space, 𝑑 
is the dielectric constant and 𝑑 is the thickness of the dielectric layer.  
In the present coplanar electrode configuration, the field lines follow curved paths 
from the high voltage electrode to the ground electrode, which are on the same plane; the 
electric field is thus markedly different from that in the traditional configuration (Figure 
2.5 and Figure 2.6). The coplanar electrode configuration, 𝐶𝑐𝑝 is described in detail in 
section 2.2. Importantly, for the same thickness of the dielectric layer, the capacitance of 




~9. Based on the present geometry (50 µm electrode and gap width) 
the electric field line penetration height will be ~70 µm above the surface[78].  
The importance of using modified Lippmann’s Equation to estimate the capacitance 
is highlighted in Figure 6.3, which shows the match between the predictions and 
measurements of CAs in the traditional and coplanar electrode configuration (with the 
same thickness of the dielectric layer). Predictions of CA are based on the Lippman’s 
equation (Equation 2.3) with the capacitance in the traditional and coplanar electrode 
configurations estimated using the equation provided earlier (Equation 2.5). It is seen that 
the CA measurements match the predictions for the traditional configuration very well (as 
expected) till the onset of CA saturation (after which the CA does not decrease significantly 
with voltage). However, Lippman’s equation with the traditional estimate for the 
capacitance would drastically over predict the CA change, if used for the coplanar electrode 
configuration. Lippman’s equation with the capacitance defined by Equation 2.5 shows a 
good match with the experimental results for the coplanar geometry. It is noted that the 
measured CAs are the average of transient CA measurements taken for 10 seconds. 
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Figure 6.3 can also be used to estimate the threshold and saturation electric fields 
for the two configurations. For the coplanar electrode configuration, the threshold field and 
saturation electric fields are 50 V/µm, and 100 V/µm, respectively. The saturation voltage 
is higher than that for the traditional configuration (45 V/µm). The coplanar electrode 
configuration shows a reduced rate of CA change with voltage, thereby increasing the 
range of applied voltage over which the CA can be modulated. All of this is a consequence 
of the reduced capacitance in the coplanar electrode configuration. Similar results can be 
obtained in a traditional configuration with the use of thicker dielectric layers. Figure 6.3 
implies that the use of the coplanar electrode configuration is advantageous for applications 
in which fine control of the CA is sought.  
 
 




Figure 6.3. Measured and predicted change in contact angles versus voltage for the 
traditional and coplanar electrode architectures. Contact angle modulation 
with voltage differs significantly in the two configurations for the same 
dielectric layer thickness. 
The next step is to characterize droplet oscillations in terms of CAOA, and highlight 
the benefits of analyzing the voltage and frequency-dependent CAOA. Physically, CAOA 
captures the change in CA as the droplet oscillates, which also conveys the magnitude of 
the change in the shape of the droplet (using the spherical cap approximation). At low 
frequencies the droplet shape is significantly distorted which results in a large change in 
the CAOA. At high frequencies, the CAOA reduces as a direct consequence of the reduced 
change in the shape of the droplet (due to the reduced electrostatic forces resulting from 
penetration of the electric field inside the droplet). Effectively, high AC frequencies serve 
to negate the influence of the electric field on shape change. Figure 6.4 shows that the 
CAOA is higher by 10X at a 1 Hz frequency as compared to a 1 kHz frequency. The 
influence of frequency on wettability and oscillations is thus captured very strongly using 
the CAOA approach. Another advantage of the CAOA approach is its use in evaluating the 
threshold voltage, especially at low frequencies. The increase in CAOA defines the 
threshold voltage, 𝑉𝑡ℎ at which the droplet begins responding to the applied electric field 
(∆𝑐𝑜𝑠 > 0). Figure 6.4 shows a threshold voltage of ~90V. CAOA measurements can 
thus be a useful tool to quantify the threshold voltage and complement the determination 




Figure 6.4. Voltage-dependent contact angle oscillation amplitude (CAOA) for two AC 
frequencies (1 kHz and 1 Hz). The strong influence of frequency is clearly 
observed with high frequencies cancelling out the influence of the applied 
electric field on the CAOA. 
While there have been many studies on AC EW, most of them are experimental in 
nature. There do exist studies, which have numerically modeled the shape of oscillating 
droplet at various frequencies or at resonance frequencies [76], [120]–[122]. However, 
there are no studies which model the combined influence of voltage and frequency on 
contact angle oscillations. Presently, we develop a fundamentals-based and experimentally 
validated model to predict CAOA as a function of both voltage and frequency. The model 
draws from Lippmann’s equation in terms of the relationship between the applied voltage 
and CA change; additionally, a frequency-dependent term is included, as described ahead.  
Firstly, the relationship between CAOA and voltage is considered to be analogous 
to that between the contact angle and voltage in Lippmann’s equation. In a manner 
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𝑉2 ∗ 𝐹(𝜔), where 𝐹(𝜔) is a function of the applied AC frequency. From previous 
studies and present experimental data, we know that increasing the frequency will reduce 
the CAOA. To identify 𝐹(𝜔), we turn to experimental measurements of CAOA for 
voltages in the range of 0-250V and frequencies ranging from 1-1000Hz. Knowing that 
[∆𝑐𝑜𝑠 (𝑉)] = 𝑀 ∗ [
𝐶
𝛾𝑙𝑣
𝑉2], we use the gradient of the curve, 𝑀 = 𝐹(𝜔) to identify the 
functional relationship between 𝐹(𝜔) and 𝜔. The experimental data strongly suggest an 
exponential relationship between 𝐹(𝜔) and 𝜔, resulting in an expression of the form 
𝐹(𝜔) = 𝑍1 ∗ 𝑒𝑥𝑝 (−𝑍2𝜔
0 𝐷
𝜎
). Finally, the voltage and frequency-dependent CAOA can 
be expressed as: 
∆𝑐𝑜𝑠 (V, 𝜔) = 𝑍1
𝐶
𝛾𝑙𝑣
𝑉2 ∗ 𝑒𝑥𝑝 (−𝑍2𝜔
0 𝐷
𝜎
)  (6.2) 
where the angular frequency of the AC electric field is 𝜔 = 2𝜋𝑓, and other terms have 
been previously defined. It is noted that the frequency in the exponential term is non-
dimensionalized using the relaxation time. This model does involve two fitting parameters 
𝑍1 and 𝑍2. These can be estimated as 𝑍1 = 6, 𝑍2 =
2
3
 for water, based on fitting the model 
with experimental data for the given range of voltages and frequencies.  
The above model shows good agreement with experimental data (Figure 6.5) in the 
voltage range spanning from the threshold voltage 𝑉𝑡ℎ to the voltage corresponding to 
contact angle saturation. Below 100 V (threshold voltage) the model over predicts the 
CAOA; this should be expected since the model does not account for hysteresis-related 
effects which are important before the threshold voltage is reached. Above 200 V, the 
predictions diverge from experimental data; this is a direct consequence of entering the CA 
saturation regime. Between these two voltages, the model predicts the voltage and 
frequency dependent CAOA reasonably well.  
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At high frequencies (ω→∞), the frequency-dependent term in Equation 6.2 
becomes negligible, which leads to ∆𝑐𝑜𝑠 (V, 𝜔) ~ 0 (within error). This aligns with the 
theory that an electrically conducting droplet will behave like a dielectric at frequencies 
much higher than the relaxation frequency, which will eliminate electrowettability and the 
resulting oscillations. At very low frequencies (ω→0) the model shows that the influence 
of frequency on CAOA will reduce as the rate of oscillations reduces. The droplet has 
sufficient time to respond to sinusoidal waveform, and will effectively behave as a droplet 
under the influence of DC EW. In general, while the CAOA increases with a reduction in 
frequency, the increase in CAOA plateaus at low frequencies when the response time of 
the droplet (on the order of milli seconds) is less than the AC frequency. This can be 
observed through a comparison of the difference in CAOA between 1 Hz and 10 Hz, and 
between 1 Hz and 100 Hz, as seen in Figure 6.5.  
It is noted that the model cannot be used with DC electric fields (ω=0), since there 
are no oscillations in the CA and the model simplifies into a form similar to the Lippman’s 
equation (which only accounts for a voltage dependence). Also, the model tends to under-
predict CAOA at resonance frequencies [71] (especially at node n=2), where the largest 
shape oscillations are expected [71]. For the presently studied droplets the node n=2 
corresponds to a resonance frequency of ~40 Hz, where the modeled CAOA is expected to 




Figure 6.5. Comparison of predicted contact angle oscillation amplitudes (CAOA) with 
measurements (for various voltages and AC frequencies). The solid lines 
denote predictions and the symbols denote measurements.  
While the model shows a reasonable match with experiments, it does involve two 
fitting parameters (𝑍1 and 𝑍2) obtained by matching the experimental data to the model. 
CAOA predictions obtained from the fitting parameters show a good agreement with 
measurements for all combinations of voltage and frequency in this study. These fitting 
parameters should not be considered universal, and will need to be estimated for other 
fluids [123] with different surface tension and electrical properties. Conveniently, both 
these parameters can be obtained by fitting the model to a single set of experimental data, 
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Finally, the sensitivity of the predictions of CAOA to five parameters is quantified 
and discussed. The parameters considered include the permittivity of the droplet ( 𝐷) and 
the dielectric layer ( 𝑑), the electrical conductivity of the droplet (𝜎), surface tension (𝛾𝐿𝑉) 
and capacitance (𝐶). The percentage change in the CAOA as a function of the percentage 
change in the above parameters is shown in Figure 6.6a and b for 1 Hz and 1 kHz 
frequencies, respectively. It is seen that the influence of surface tension, capacitance and 
permittivity of the dielectric layer on CAOA is independent of frequency. An increase in 
surface tension will reduce droplet oscillations as higher surface tension forces will 
increase the resistance to changing the shape. Conversely, any increase in capacitance (by 
changing the electrode geometry or configuration), will increase droplet oscillations, due 
to larger actuation forces. 
At 1 Hz, the CAOA is seen to be most sensitive to the surface tension of the liquid. 
However, at 1 kHz, the CAOA is most sensitive to the permittivity and the electrical 
conductivity of the droplet. Both these parameters relate to the electrical properties of the 
fluid, and determine the charge relaxation time. Increasing the electrical conductivity of 
the fluid will reduce the relaxation time, thereby allowing oscillations at higher 
frequencies; this explains the positive slope in the CAOA versus electrical conductivity 
curve in Figure 6.6b. Analogously, reducing the permittivity of the fluid will reduce the 
relaxation time, resulting in larger oscillations (larger CAOA).  Understanding the impact 
of individual parameters on contact angle oscillations is helpful in the design and operation 




Figure 6.6. Sensitivity analysis showing the influence of various parameters on contact 
angle oscillation amplitude (CAOA), a) at 1 Hz and b) at 1 kHz. 
6.3 CONCLUSIONS 
This chapter presents a new approach to study droplet oscillations (and shapes) 
under AC EW. The oscillation amplitude in CAs is characterized instead of the transient 
variation in CAs. An experimentally validated analytical model is developed to predict the 
voltage and frequency-dependent CAOA for water droplets; the same approach can be 
applied for other liquids. Future studies can relate the CAOA to hydrodynamics and mixing 
patterns within droplets, that are being used as a microreactor for biology and chemistry 
applications. This would enable the identification of voltage and frequency regimes 
required to induce the desired extent of mixing through hydrodynamic or electrothermal 
flows. Additionally, this analysis can help understand droplet oscillation dynamics 
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Chapter 7: Conclusions and Suggestions for Future Work 
This chapter summarizes the key findings emerging from this dissertation and 
outlines future research directions in the field of electrically enhanced condensation. 
7.1 SCIENTIFIC FINDINGS AND INTELLECTUAL CONTRIBUTIONS OF THIS DISSERTATION 
The body of work conducted in this dissertation is detailed in four chapters (Chapter 
3 to Chapter 6). Accordingly, the conclusions and the scientific contributions are also 
summarized on a chapter-by chapter basis. 
7.1.1 Electrowetting-based enhancement of droplet growth dynamics and heat 
transfer during humid air condensation 
Chapter 3 studies droplet growth and roll off dynamics during condensation of 
humid air under a continuous electric field. This is one of the first studies that investigates 
the influence of EW on dropwise condensation (DWC) of water vapor. Key findings and 
scientific contributions of this study are as follows: 
• Electrowetting can significantly influence droplet growth and roll-off dynamics. 
• Higher voltages result in greater droplet growth rates. 
• Frequency influences droplet growth and roll-off dynamics:  
o At low frequencies (~1 Hz) droplets translate about electrodes, at high frequencies 
droplets oscillate in place.  




o At low frequencies (~1 Hz) droplet roll-off size decreases and roll-off frequency 
increases. 
• The influence of humid air and non-condensable gases (NCG) layer around a droplet 
can be incorporated into classical thermal resistance-based heat transfer models. 
• EW can enhance heat transfer rates by >30%. 
7.1.2 Statistical Modeling of Electrowetting-Induced Droplet Coalescence  
Chapter 4 is the first-ever study of its kind that analyses electric field-induced 
droplet coalescence dynamics using machine learning-based approaches. Statistical data 
science-based models are used to analyze experimental data to identify the key parameters 
that influence EW enhanced droplet coalescence. Key findings and scientific contributions 
of this study are as follows: 
• The two key parameters that influence droplet coalescence are the applied voltage and 
the electrode width (both of these are incorporated in one parameter, namely the 
electric field).  
• AC frequency plays a negligible role in droplet coalescence.  
• Machine learning-based statistical parameter shrinkage and regression algorithms can 
be used to identify trends in coalescence dynamics. 
• Change in droplet size distributions can be categorized via the change in i) area 
average droplet radius, ii) wetted area ratio, and via the spread of the distribution. 
• Statistical machine learning algorithms can be used as  a reference tool to predict the 
change in droplet size distribution as a function of the applied electric field. 
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7.1.3 AC electrowetting promoted droplet shedding on hydrophobic surfaces 
Chapter 5 presents the first-ever detailed analysis of droplet roll-off dynamics under 
the influence of an electric field. It is seen that the voltage and frequency determine the 
extent and rate, respectively, of water removal. Key findings and scientific contributions 
of this study are as follows: 
• EW enables almost complete removal of water (dry area fraction>95%) in very short 
time durations (~1 second).  
• Significant water shedding can be achieved without needing to apply voltages 
significantly higher than the threshold voltage.  
• The frequency of the AC waveform does not influence the dry area fraction for 
voltages above the threshold voltage. 
• The time required to shed droplets, or ‘de-wetting time constant’ strongly depends on 
the AC frequency. 
• Orientation of the device influences water removal due to electrostatic pinning of the 
droplets. 
• Measured water removal mass fluxes immediately after the application of an EW field 
are two orders of magnitude higher than those achieved from steady state condensation 
with a continuous field applied; this highlights the benefits of periodic EW fields as 
opposed to continuous EW fields. 
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7.1.4 Characterization of oscillation amplitude of contact angle during AC 
electrowetting of water droplets 
Chapter 6 presents an experimentally validated, fundamentals-based model to 
predict contact angle oscillation amplitude of water droplets as a function of AC voltage 
and frequency. Key findings and scientific contributions of this study are as follows: 
• Identified new analytical correlation to model capacitance for electrowetting on co-
planar electrodes geometry. 
• Developed a new method for characterizing droplet oscillation dynamics, via tracking 
the contact angle oscillation amplitude. 
• Related the contact angle oscillation amplitude to both voltage and AC frequency . 
• Modified the well-known Lippmann Equation to include the influence of AC 
frequency (along with voltage) on change in contact angle – analytical model was 
compared with experiments. 
7.1.5 Selection of dielectric materials 
Dielectric materials are a vital part of electrowetting devices as they isolate the 
conductive droplet from the electrodes, prevent current flow and store capacitive energy 
responsible for EW-based actuation. The attributes of a good dielectric material include 
high electrical breakdown strength, high dielectric constant, pinhole free nature, good 
adhesion and moisture resistance. Finding suitable dielectric materials with all the above 
mentioned properties has been a long-time challenge for the EW community. In the present 
work, additional challenges arose due to the presence of copious amounts of water in the 
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EW systems. Three dielectric materials were utilized in the work described in this 
dissertation, and are briefly discussed in this sub-section. 
The three dielectric materials used in the presented studies include: i) Cytop, which 
is a hydrophobic fluoropolymer material, ii) Parylene C which is a polymeric material, and 
iii) SU-8 2005 which is an epoxy-based photoresist. Table 7.1 shows the dielectric 








Thickness of coating 
(μm) 
Cytop 2.1 150 2 
Parylene C 3.2 270 2 
SU-8 2005 3.2 100 5 
Table 7.1. Properties of dielectric materials used in study  
The study described in Chapter 3 utilized Cytop as the EW dielectric. A major 
advantage of Cytop is that it is hydrophobic in nature, which obviates the need for an 
additional hydrophobic coating. However, it was found that under the influence of an 
electric field and under high moisture conditions, Cytop had low durability. Additionally, 
when Cytop was coated as a single layer, the presence of pinholes was observed to be a 
problem. Parylene C is a commonly used dielectric material in the EW community due to 
its high breakdown voltage and dielectric constant; conformal coatings can be fabricated 
via room temperature vapor deposition. However, low adhesion to glass in the presence of 
high moisture caused delamination of the Parylene C coating. SU-8 was also used as the 
EW dielectric material in some of the studies mentioned in this dissertation. However, SU8 
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coatings are inherently thick (due to higher viscosity). Good adhesion to glass was 
observed, which is an advantage, compared to Paryene C. However, the low dielectric 
strength of SU-8 limits the magnitude of the applied electric field.  
7.2. SUGGESTIONS FOR FUTURE WORK  
Suggestions for future research on topics related to the content of this dissertation 
are outlined ahead. 
7.2.1 Using traveling electric fields to sweep away condensed droplets 
In addition to the explored approaches for accelerating droplet coalescence/growth, 
electric fields can also be utilized to actively pump the condensed droplets away, using a 
traveling electric field. EW is a powerful technique to move fluids as droplets [63], [64]. 
By actively pumping the droplets away, condensate removal can be significantly enhanced 
as compared to gravity-assisted shedding. A travelling electric field can be generated using 
dielectrophoretic or electrowetting forces. Under the dielectrophoretic effect, a neutral 
particle is polarized under a non-uniform electric field such that the voltage, frequency and 
dielectric properties determine the magnitude and direction of the induced dipole [124], 
[125]. Such a system can be developed using a 3-phase traveling electric field which can 
ensure a preferred direction for sweeping the condensate away. Figure 7.1 schematically 
shows the electrode arrangement to actively pump condensate off the surface.  
As an alternative method, EW can be used to pump droplets off the surface using 
electrowetting on dielectric based droplet movement methods [63], [64]. Such a system 
would involve an open plate coplanar electrowetting configuration where the ground 
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electrode would be in parallel with individually addressable electrodes that would control 
droplet pumping [126]. This open plate system would be advantageous as condensation 
can occur unobstructed by the presence of a top plate. This study would demonstrate 
removal of droplets at smaller sizes and higher rates than would be possible with non-
traveling electric field-assisted condensation. The minimum size of the droplet that would 
be pumped will depend on the electrode width and switching frequency.  
 
 
Figure 7.1. Electrode geometry and phase shift design for travelling electric field assisted 
condensation.  
7.2.2 Acoustics driven coalescence 
Similar to electric fields, acoustics has also been used as an active method to 
enhance droplet coalescence and roll-off during DWC. When the surface is vibrated at the 
resonant frequency, it has been shown that droplet coalescence and shedding is enhanced, 
and the droplet departure time and size can be reduced. All these improvements result in a 
substantial increase in heat transfer [127], [128]. However, this method has its 
disadvantages, since these mechanical vibrations can only remove droplets of sizes that 
have resonant frequencies equal to or a harmonic multiple of the applied frequency. 
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Additionally, subjecting a physical structure to prolonged vibration can lead to failure 
owing to fatigue resulting from stress cycles. 
Alternatively, a different approach can be used to coalesce droplets by avoiding 
mechanical vibrations of the condensing surface. Standing waves have been used to move 
or levitate droplets [129]. In a droplet levitation system, a transducer is used to generate a 
wave which is reflected by a reflector, this creates a standing wave. A droplet can be in 
equilibrium where the acoustic pressure force balances the gravitational force, causing it 
to levitate at the nodes of the standing wave. By applying a similar concept to a droplet 
size distribution on a surface, a standing wave can be used to push droplets from high 
pressure points to the nodal lines, thereby causing droplets to accumulate and coalesce at 
these nodes.  
Acoustic agglomeration is another method of using sound waves to coalesce 
droplets. Acoustic agglomeration is the process in which acoustic waves are used to 
manipulate the motion of airborne particles and in the process, promote collisions that lead 
to the formation of agglomerates (clustering of particles). Under these acoustic waves, 
smaller particles tend to follow the acoustic vibrations closely, while larger particles rarely 
move with acoustic waves due to their larger inertia. Consequently, the relative motions 
between the different sized particles result in collisions. Most acoustic agglomeration 
related application focus on airborne particles, aerosols, and air pollutants such as smoke, 
fly ash, and coal dust. However, similar concepts can be applied to micron sized water 
droplets in air sitting on hydrophobic surface. Although mechanically vibrating a surface 
has been found to enhance CHT, other methods described in this section have not been 
explored and hold promise for enhancing droplet coalescence and roll-off during DWC.   
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Appendix A: Flared natural gas-based onsite atmospheric water 
harvesting (AWH) for oilfield operations [22] 
Abstract: Natural gas worth tens of billions of dollars is flared annually, which 
leads to resource waste and environmental issues. This work introduces and analyzes a 
novel concept for flared gas utilization, wherein the gas that would have been flared is 
instead used to condense atmospheric moisture. Natural gas, which is currently being 
flared, can alternatively power refrigeration systems to generate the cooling capacity for 
large scale atmospheric water harvesting (AWH). This approach solves two pressing issues 
faced by the oil–gas industry, namely gas flaring, and sourcing water for oilfield operations 
like hydraulic fracturing, drilling and water flooding. Multiple technical pathways to 
harvest atmospheric moisture by using the energy of natural gas are analyzed. A modeling 
framework is developed to quantify the dependence of water harvest rates on flared gas 
volumes and ambient weather. Flaring patterns in the Eagle Ford Shale in Texas and the 
Bakken Shale in North Dakota are analyzed to quantify the benefits of AWH. Overall, the 
gas currently flared annually in Texas and North Dakota can harvest enough water to meet 
11% and 65% of the water consumption in the Eagle Ford and the Bakken, respectively. 
Daily harvests of upto 30,000 and 18,000 gallons water can be achieved using the gas 
currently flared per well in Texas and North Dakota, respectively. In fifty Bakken sites, the 
water required for fracturing or drilling a new well can be met via onsite flared gasbased 
AWH in only 3 weeks, and 3 days, respectively. The benefits of this concept are quantified 
for the Eagle Ford and Bakken Shales. Assessments of the global potential of this concept 
are presented using data from countries with high flaring activity. It is seen that this waste-
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to-value conversion concept offers significant economic benefits while addressing critical 
environmental issues pertaining to oil– gas production. 
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Appendix B: Modeling humid air condensation in waste natural gas-
powered atmospheric water harvesting systems [60] 
Abstract: 4% of the natural gas produced globally is flared at oilfields due to the 
absence of gas handling infrastructure and unfavorable economics. Recent work has 
proposed the utilization of this excess gas for atmospheric water harvesting (AWH) for 
oilfield operations, wherein gas-powered refrigeration cycles generate the cooling capacity 
for large scale dehumidification, via condensation. This work develops an indepth, 
comprehensive, analytical modeling framework to predict the water condensation in waste 
gas-powered AWH systems. Firstly, gas powered refrigeration systems are analyzed to 
identify key system parameters and considerations. Secondly, an analytical model is 
developed to capture the complex heat and mass transfer phenomena associated with 
condensation of humid air in a fin and tube heat exchanger. This involves using heat and 
mass transfer relations to estimate the dehumidification process line. The model can predict 
the water condensation rate as a function of the gas flow rate, ambient weather and the 
refrigeration system utilized. The model is used to predict flared gas-based water harvests 
in the Eagle Ford (Texas) and Bakken (North Dakota) Shale oilfields, which account for 
the majority of US flaring. Results indicate that 1 cubic meter of natural gas can condense 
2.3 and 0.65 gallons water (on an annual average basis) in Texas and North Dakota, 
respectively. The weather-dependent condensation rates range from 3 to 10 (Texas) and 0 
to 0.8 (North Dakota) gallons/day/square meter of condenser area. Overall, flared gas-
based AWH can utilize 77% and 40% of the excess gas in Texas and North Dakota, 
respectively. This work analyzes various aspects of humid air condensation and evaluates 
the sensitivity of the condensation rate to key engineering parameters. Overall, this work 
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develops the foundational modeling tool to predict the performance of all types of humid 
air condensation systems. 
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Appendix C: Landfill gas-powered atmospheric water harvesting for 
oilfield operations in the United States [21] 
Abstract: Landfill gas accounts for 18% of US greenhouse gas emissions. The 
energy wasted via venting/flaring methane in landfill gas can be valued at 7.5 billion USD 
(annually). This work presents a novel utilization concept, wherein landfill gas-powered 
refrigeration enables large-scale atmospheric water harvesting, via dehumidification. This 
work analyzes the potential of landfill gas-powered atmospheric water harvesting towards 
meeting the water requirements of oilfields located near landfills. Heat and mass transfer-
based analytical modeling is used to estimate the seasonal water harvest, and techno-
economic analyses are presented to quantify the benefits for US oilfields. This technology 
is seen to be attractive for the Barnett Shale (Texas) and Kern County (California), which 
can be served by 30 landfills each, and are located in hot-humid and water-stressed areas. 
Results show that landfill gas-powered water harvesting can meet 34% of water 
requirements (hydraulic fracturing) in the Barnett Shale and 12–26% of water requirements 
(enhanced oil recovery) in Kern County oilfields, respectively. Landfill gas projects are 
economically more viable in the Barnett as compared to Kern County. The impact of 
landfill gas-powered water harvesting on CO2e emissions from landfills is quantified. 
Constraints and challenges associated with water harvesting are discussed. Importantly, 




Appendix D: Characterizing Microfluidic Operations Underlying an 
Electrowetting Heat Pipe on the International Space Station [130] 
Abstract: Electrowetting heat pipes (EHPs) are a newly conceptualized class of 
heat pipes, wherein the adiabatic wick section is replaced by electrowetting-based pumping 
of the condensate (as droplets) to the evaporator. Specific advantages include the ability to 
transport high heat loads over long distances, low thermal resistance and power 
consumption, and the absence of moving mechanical parts. In this work, we describe 
characterization of key microfluidic operations (droplet motion and splitting) underlying 
the EHP on the International Space Station (ISS). A rapid manufacturing method was used 
to fabricate the electrowetting device on a printed circuit board. Key device-related 
considerations were to ensure reliability and package the experimental hardware within a 
confined space. Onboard the ISS, experiments were conducted to study electrowetting-
based droplet motion and droplet splitting, by imaging droplet manipulation operations via 
pre-programmed electrical actuation sequences. An applied electric field of 36 Volts/um 
resulted in droplet speeds approaching 10 mm/s. Droplet splitting dynamics was observed 
and the time required to split droplets was quantified. Droplet motion data was analyzed to 
estimate the contact line friction coefficient. Overall, this demonstration is the first-ever 
electrowetting experiment in space. The obtained results are useful for future design of the 
EHP and other electrowetting-based systems for microgravity applications. The testing was 
performed under the Advanced Passive Thermal eXperiment (APTx) project, a project to 
test a suite of passive thermal control devices funded by the ISS Technology Demonstration 
Office at NASA JSC. 
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Appendix E: Scalably manufactured textured surfaces for 
controlling wettability in oil-water systems [131] 
Abstract: Competitive wettability in oil-water systems influences applications 
such as oil-water separation and enhanced oil recovery. Here, we study the wettability of 
water (in oil) and oil (in water) on sub-millimeter/micro/nano textured surfaces fabricated 
on a variety of substrates (metals, polymers, elastomers). Importantly, all the fabrication 
processes employed involved non-cleanroom-based scalable techniques. Metal surfaces 
were fabricated via wet etching processes and polymer/elastomer surfaces were fabricated 
via laser etching. These fabrication techniques can enable texturing with sub-millimeter, 
micron and sub-micron feature sizes. Wettability was characterized by measuring static 
contact angle and dynamic contact angle (roll-off angle). Several insights into wettability 
are obtained from this work. Firstly, textured metal surfaces with low energy surface 
chemistry showed the lowest adhesion to water and oil droplets. Textured metal surfaces 
coated with Teflon AF were superhydrophobic (in oil) with very low roll-off angles (4°–
7°). Uncoated textured metal surfaces were superoleophobic (in water) with roll-off angles 
of 3°–9°. Secondly, textured polymer and elastomer surfaces exhibited utrahydrophobicity 
(in oil); however not all textured elastomers exhibited superoleophobicity (in water). 
Thirdly, no droplet roll-off was observed on any textured elastomer and polymer surface, 
despite very favourable contact angles. This indicates that high contact angles do not 
always translate to superhydrophobicity/oleophobicity. Fourthly, it is seen that competitive 
wettability of a surface can be understood by analysing the corresponding water and oil 
wettability of that surface in an air environment. Additionally, the initial state of the surface 
can be important, as the first fluid in contact with the surface fills the porous textures, and 
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dictates subsequent wettability. All these findings and insights position this work as the 
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